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Abstract 
 
 Increased understanding of electrochemical processes contributes to the development of 
many fields of technology, including energy storage, catalysis, sensing, and metal plating.  In 
order to probe the behavior of chemical species at the electrochemical interface, in situ 
spectroelectrochemical methods have been developed.  In particular, in situ surface-enhanced 
and shell-isolated, nanoparticle-enhanced Raman spectroscopy (SERS and SHINERS, 
respectively), can obtain high signal intensity for the vibrations of surface-bound species in a 
complete electrochemical cell simultaneously with voltammetric analysis.  In this dissertation, 
these methods are applied to examine the effects of additive species on the reduction reactions 
involved in CO2 conversion and Cu metal plating. 
 Using renewable energy sources such as wind and solar, CO2 conversion has the potential 
to sustainably recycle waste CO2 into valuable fuels or commodity chemicals.  Nitrogen-
containing ligands have been found to increase the formation rate of reduction products on 
various metal electrocatalysts.  In this work, SERS was employed to examine the interfacial 
behavior of one such ligand, 3,5-diamino-1,2,4-triazole (DAT), on Ag and Cu electrodes.  On 
Ag, SERS revealed that DAT influenced the strength of adsorption between the product CO and 
the Ag surface.  CO normally occupies highly-coordinated bridge and 3-fold hollow sites; 
however, the addition of DAT promotes adsorption to more weakly-coordinated atop and 
physisorbed sites.  By decreasing the adsorption strength of the product, the overall catalytic rate 
is increased through faster turnover. 
 Cu is unique among CO2 electroreduction catalysts, as it enables production of C2 
products such as ethanol and ethylene with relatively high Faradaic efficiency.  Again, the 
iii 
addition of DAT increased overall reduction rates for carbon-containing products, and especially 
for ethylene.  The SER spectra show that competitive adsorption of the DAT ligand on Cu is 
capable of blocking chemisorption of formate and ethoxy products, without impeding the 
formation of C2H4.  Moreover, a Cu-C-O bending mode in adsorbed carbon monoxide was only 
observed in the presence of both CO2 and DAT.  This bending vibration suggests that hydrogen 
bonding by DAT may be influencing the geometry of adsorbed carbon monoxide.  This influence 
could increase the rate of C-C coupling, which is believed to be the rate-determining step for 
ethylene production. 
 The latter half of this work examines the structure and behavior of a commonly used 
additive in the electroplating of Cu, 3-mercapto-1-propanesulfonate (MPS).  However, to avoid 
the loss of signal enhancement as continued Cu deposition converts the substrate from rough to 
smooth, SHINERS was employed as the signal enhancement method.  SHINERS spectra of MPS 
analogues containing either the thiol or sulfonate functional groups confirmed that the thiol 
moiety is required for surface tethering of the additive, and that surface interactions of the 
sulfonate are negligible.  The strength of the Cu-thiol interaction was further supported by DFT 
calculations identifying the degree of depolarization that thiol adsorption has on neighboring Cu-
Cl bonds.  Indeed, SHINER spectra confirmed weaker Cu-Cl stretching vibrations in the 
prescence of thiol-containing additives. 
 In addition to examination of the relevant functional groups, SHINERS illustrated the 
significance of the additive’s alkyl chain length by examining the relative ratio of the peak 
intensities representing C-Sthiol bonds in gauche and trans conformations.  In the absence of 
chloride, shorter chain derivatives presented higher gauche/trans ratios and greater sensitivity of 
this ratio to potential changes.  However, in the presence of chloride, MPS demonstrated higher 
iv 
gauche character than two- and four-carbon analogues across all measured potentials.  This 
indicated that the three-carbon backbone is uniquely able to position the sulfonate group close to 
the Cu electrode surface under typical plating conditions, and therefore enable faster Cu 
deposition rates. 
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Chapter 1 
 
Introduction to in situ Enhanced Raman Spectroscopy 
 
1.1 Introduction to Spectroelectrochemistry 
 Electrochemical processes play a significant role in many modern technologies.  
Understanding the reduction and oxidation reactions at electrode surfaces is key to development 
in batteries, fuel cells, electrocatalysis, corrosion protection, sensors, metal plating, and other 
applications.  A multitude of analytical techniques have been developed to study interfacial 
electrochemical processes, including various forms of voltammetry and amperometry, 
hydrodynamic methods, electrochemical impedance spectroscopy, and scanning probe 
techniques.
1
   
 In addition to these techniques, the combination of electrochemical methods with 
spectroscopic tools (“spectroelectrochemistry”) has proven to be a powerful method by which 
specific chemical information can be gained in addition to electrical data.
2
  In particular, “in situ” 
techniques provide observation of the electrode surfaces simultaneously with the application of 
electrochemical control (i.e., the application of potential or current).  In this way, spectroscopic 
measurements of surface species are taken in the electrochemical cell, where they experience the 
influences of solvent, electrolyte, controlled atmosphere, and other parameters.
1
  Among 
spectroelectrochemical methods, vibrational spectroscopy is well suited for analysis of chemical 
species, and can indicate the type, relative amount, and orientation of molecules.
3
   
 
 
2 
1.2 In situ Raman Spectroscopy 
 Among in situ vibrational spectroelectrochemical methods, infrared (IR) and Raman 
spectroscopies are the most widely used.
1
  IR and Raman methods are typically complementary, 
as their different selection rules lead to observations of different molecular vibrations.
4
  
However, Raman methods provide some significant advantages over IR when applied to in situ 
spectroelectrochemistry.  First, the useful spectral width of IR spectra is limited by the 
transmission width of the cell window material and spectral range of the detector.
5
  For example, 
widely-used NaCl windows could not be used as a window material in aqueous solutions due to 
their solubility in water.  This restricts the choice of transmission window to another material 
such as ZnSe or CaF2, whose transmission windows do not extend as low.  Conventional 
HgCdTe near-to-mid IR detectors are also limited to approximately 400 cm
-1
, whereas Raman 
detectors can typically provide a useful spectral range to as low as approximately 200 cm
-1
.
5
  
Second, the Raman scattering of water is very weak, whereas it strongly absorbs IR radiation.  
Raman techniques can therefore accommodate in situ experiments in aqueous electrolytes with a 
minimum of interference from solvent water.   
 However, normal Raman methods suffer a significant disadvantage in signal-to-noise 
ratio that results from the inherently low cross-sections of light scattering processes.  For a given 
intensity of monochromatic light shined on a sample, approximately 0.1% will be diffusely 
scattered.
4
  Rayleigh scattering describes the elastically scattered light, which is identical in 
energy to the incident light.  Approximately 0.1% of the intensity of total diffusely scattered light 
will be Raman scattered, and will have scattered photons with energy equal to that of the incident 
photon minus the energy of particular molecular vibrations.
4
  Thus, of all incident photons, only 
about 1 in 10
6 
will demonstrate a Raman shift.   
3 
1.3 Surface-Enhanced Raman Spectroscopy 
 To overcome the low efficiency of inelastic scattering in normal Raman methods, 
surface-enhanced Raman spectroscopy (SERS) has been developed as a means to increase the 
signal-to-noise ratio obtainable for electrode surface adsorbates.
6
  Fleischmann, Hendra, and 
McQuillan first observed unexpectedly intense Raman peaks resulting from pyridine on 
roughened Ag surfaces in 1974.
7
  In subsequent years, Van Duyne
8,9
 and others
10
 sought to 
explain the mechanisms of signal enhancement and extend the phenomenon to other metals 
beyond Ag.  The coinage metals (Au, Ag, Cu) provide signal enhancement by a factor of 
approximately 10
6
, but some transition metals do provide weaker SERS effects enhancement 
factors between 10
1
-10
4
.
11
   
 The primary mechanism of the SERS effect relies on the excitation by incident laser 
photons of surface plasmons localized on the electrode surface.
12
  This electromagnetic effect 
induces surface plasmon resonance (SPR), where excitation of the collective oscillations of 
electrons increases the magnitude of the local electric field, E.
13
  Both the incident and scattered 
photons interact with the local electric field, generating Raman signal intensity proportional to 
E
4
.  Therefore, even small increases in the magnitude of the electric field at the surface will 
contribute to very strong enhancement of the Raman scattered signal.  In addition to the 
electromagnetic mechanism, a photo-induced charge-transfer mechanism also exists for 
molecules with significant chemical interactions with electrode surfaces.  This weaker process 
accounts for approximately one to two of the six orders of magnitude commonly found in SERS 
enhancement.
14
 
 In order to achieve maximal excitation of the localized SPR, the electrode surface must 
be roughened.  Electrochemical oxidation-reduction cycling in aqueous electrolytes is a 
4 
traditional and effective method.
15
  This process produces nanostructuring of the metal surface, 
producing clusters of metal particles and inter-particle spaces.  By controlling the cycling 
parameters and solution conditions, the particle size may be tuned such that the SPR more 
closely matches the energy of the incident laser.
16  
In addition, elimination of the smooth surface 
produces a lightning rod effect, in which the particle geometry creates regions of large electric 
field at its tips or corners.
17 
 Chapters 2 and 3 detail the use of SERS for studying the reduction reactions of CO2 at Ag 
and Cu surfaces, respectively, in the presence of 3,5-diamino-1,2,4-triazole (DAT).  SERS has 
been well established as method to study the adsorption of CO (a key product and intermediate 
of CO2 reduction) on both Ag
18-21
 and Cu electrodes
22-26
 as is therefore well-suited to this 
application.  Better understanding of the mechanisms of reduction could lead to the creation of 
catalysts that could electrocatalytically convert waste CO2 to valuable commodity chemicals or 
fuels.
27-31
  Over time, these processes could help to curb the rising levels of atmospheric CO2 that 
contribute to global warming and rising sea levels.
32
 
 
1.4 Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 
 In addition to electrocatalysis, metal plating is another field in which in situ enhanced 
Raman spectroscopy can be applied.  In Chapters 4 and 5, this method is used to examine the 
behavior of 3-mercapto-1-propanesulfonate (MPS) commonly involved in the electrodeposition 
of Cu for printed circuit boards, integrated circuits, and through-silicon vias.
33-40
  However, 
instead of SERS, the enhancement mechanism is produced through a different process that 
requires no surface roughening.  If SERS was used, the roughness generated by oxidation-
reduction cycling could be lost by plated Cu filling in the surface gaps.  Over the course of time 
5 
during an in situ plating experiment, the loss of nanostructuring to smooth metal plating would 
effectively remove all surface-enhancement, and sharply decrease the signal intensity back to 
that of normal Raman spectroscopy. 
 To remove this risk, signal enhancement was provided by the method of shell-isolated, 
nanoparticle-enhanced Raman spectroscopy (SHINERS).  SHINERS was first developed by Tian 
et al. in 2010.
41
  In this technique, high local electric fields are generated by excitation of the 
surface plasmons of metal nanoparticles deposited onto a smooth surface, rather than by 
nanostructuring the surface material itself.
42,43
  The particles used in this work are typical 
monodisperse Au cores (approx. 50 nm) coated with a thin shell of SiO2 (2-3 nm), although other 
coating and shell combinations have been developed.
44,45
  The electric field enhancement 
provided by the core ensures enhanced Raman signal intensity, and the silica shell inhibits any 
chemical or electrochemical interaction between the nanoparticle and the rest of the system.  By 
depositing these particles onto a substrate, enhanced Raman spectroscopy can be performed even 
at a smooth surface.  Moreover, because the greatest electric field enhancement will be generated 
near the intersection between the particle and a metal substrate,
39
 consistent signal enhancement 
is provided even as the level of deposited metal rises and falls around the SHINERS particles 
through plating and stripping.  However, it must be noted that signal enhancement can still be 
lost if the rate of deposition is so aggressive as to bury the SHINERS particles completely.   
 
1.5 Instrumental Setup and Cell Design 
 The design of the Raman spectrometer used in this work was based on previously 
described designs.
46,47
  Figure 1.1 shows a simplified cartoon schematic of the updated design.  
Briefly, one of three lasers was selected for a Raman experiment (532 nm diode, 633 nm He-Ne, 
6 
or 785 nm diode) and aligned incident to the sample at approximately 45° after passing through 
the appropriate bandpass filter, mirrors, irises, and a focusing lens.  The light scattered off the 
sample was collected by an f/1.2 collimation lens and focused with an f/3.3 focusing lens 
through the appropriate notch filter to the monochromator entrance slit.  Earlier work was done 
with a Princeton Instruments SpectraPro 2300i monochromator, and later work was performed 
with an Andor Shamrock 303i.  In both cases, the diffraction grating contained 1200 grooves/mm 
and spectra were collected with a thermoelectrically cooled Andor iDus 420 CCD camera.   
 
Figure 1.1.  Simplified cartoon schematic of the Raman spectrometer design from a top-down 
view.   
 
 The design of the spectroelectrochemical cell assembly was also adapted from previous 
designs.
7,47
  Figures 1.2 and 1.3 show simplified cartoon schematics of the cell used throughout 
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the work in this dissertation.  Electrolyte solutions were sparged with gas in a glass solution 
reservoir, and then pumped via gas pressure into the main chamber of the cell.  The main cell 
consisted of a Kel-F polymer frame that holds a modified glass syringe barrel, in which the thin 
inner barrel held the sample electrode and the outer barrel contained the solution.  Metal bracing 
and a chemically-resistant o-ring held a flat quartz window to the front of the cell, to enable laser 
access to the sample surface.  Four ports were included in the main body of the cell with Teflon 
tubing and compression fittings so that gas and solution could be added, and to enable access for 
the counter and reference electrodes.   
 
Figure 1.2.  Simplified cartoon schematic of the spectroelectrochemical cell design from a top-
down view.   
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Figure 1.3.  Simplified cartoon schematic of the spectroelectrochemical cell design from a front-
end view.   
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Chapter 2 
 
In situ Surface-Enhanced Raman Spectroscopy of the Electrochemical Reduction of 
Carbon Dioxide on Silver with 3,5-Diamino-1,2,4-Triazole 
 
Reprinted with permission from Schmitt, K. G.; Gewirth, A. A.  In situ Surface-Enhanced 
Raman Spectroscopy of the Electrochemical Reduction of Carbon Dioxide on Silver with 3,5-
Diamino-1,2,4-Triazole.  J. Phys. Chem. C 2014, 118, 17567-17576.  Copyright 2014 American 
Chemical Society. 
 
2.1 Introduction 
 The impact of carbon dioxide on climate as a greenhouse gas and its abundance as a 
commonly emitted byproduct have led to interest in capturing, storing, and recycling CO2 for use 
as a potential source of fuel or other chemicals.
1
  In one scenario, excess electricity from 
intermittent renewable sources may be used to reduce CO2 either to CO (then reacted with H2 
using water gas shift) or directly to hydrocarbons.  These hydrocarbons would be either a storage 
medium for the intermittent energy or a feedstock for existing hydrocarbon demands. 
 Due to the increase in atmospheric CO2 levels, there has been much recent activity in 
electrocatalytic CO2 reduction.
2-4
  Hori provides a thorough review of CO2 electroreduction at 
metal electrodes, for which Au, Ag, and Zn are known to exhibit the greatest Faradaic efficiency 
for producing CO.
5
  Au and Ag are highly active for CO evolution because CO binds weakly, but 
the reduction rate is limited at these electrodes by CO2 activation.  This behavior contrasts with 
that of metals such as Pt, Pd, Ni, and Rh, for which the CO2 to CO reaction is facile, but strong 
15 
CO binding severely limits the catalytic efficiency.
6
 
 The mechanism of CO2 reduction at Ag surfaces is presumed to begin with single 
electron transfer to form CO2
•–
, stabilized by adsorption on the metal surface.
7
  Chemisorption of 
this anion through the carbon atom permits protonation of one of the available oxygen atoms, 
forming adsorbed COOH.  With the addition of another electron from the Ag cathode, this 
adsorbed species then splits into free OH
–
 and CO, which is weakly bound and quickly desorbs.  
In aqueous electrolytes, the standard potential for the reduction of CO2 to CO2
•–
 is −1.858 or 
−1.90 V,9 indicating a large activation barrier to product formation.  This large activation barrier 
has led to suggestions that other species might be involved in CO2 reduction in aqueous solution, 
particularly HCO3
–
, since CO2 dissolved in water exists in equilibrium with HCO3
–
 which is far 
more soluble.  Indeed, the direct reduction of HCO3
–
 to HCOO
–
 has been previously reported on 
Pd
10,11
 and Cu
12
 electrodes, and the thermodynamic potential for formate generation (estimated at 
approximately −0.76 V vs SCE at pH 8.9)13 is much lower than that for CO2
•–
. 
 In this paper, we examine CO2 reduction on bare and decorated Ag electrodes using 
electrochemical and surface-enhanced Raman scattering (SERS) methods.  There have been 
numerous previous studies of CO2 reduction on Ag in a variety of environments, confirming the 
metal as an effective CO-producing catalyst.
14-21
  Because CO is the product of CO2 reduction on 
this electrode and there is general interest in CO ligation to metals, there is considerable 
spectroscopic work examining CO coordination to Ag in the electrochemical environment.  The 
first Raman spectrum of CO adsorbed to a Ag electrode in aqueous solution showed a band near 
2000 cm
–1
 in 0.1 M KCl or Na2SO4 with a potential-dependence (Stark shift) of approximately 
58 cm
–1
 V
–1
.
22,23
  Additional features at 2100 and 2167 cm
–1
 were assigned to weakly held, easily 
desorbed CO and CO adsorbed to a partially oxidized Ag surface, respectively. 
16 
 Other studies report CO stretches at 2021 cm
–1
, associated with CO linearly bound to Ag 
(atop site),
24
 and at 2014 cm
–1
 on Ag held at −650 mV versus Ag/AgCl (4 M KCl).25  
Additionally, a CO adsorption peak on Ag was visible at approximately 1950 cm
–1
, and this band 
exhibited higher frequencies with increasing potential.
16
  Addition of Cl
–
 leads to CO stretches at 
−0.6 V versus SHE at 1998 cm–1.  Finally, in situ FTIR spectroscopy of CO on unroughened Ag 
in electrolytes over a wide pH range produced an adsorption peak near 1970–2000 cm–1 for atop-
adsorbed CO, and at neutral or alkaline pH, a peak about 1860–1900 cm–1 for bridge-bonded 
CO.
23
  Additional peaks at 2048 or 2112 cm
–1
 (depending on pH) that did not exhibit a Stark 
vibrational shift were assigned to CO electrolysis on a Ag underpotential oxide. 
 As these studies show, CO is able to adsorb to metal surfaces in several different ways.
26
  
Figure 2.1 depicts the possible adsorption sites on the close-packed (111) surface of a metal with 
a face-centered cubic crystal structure, such as Ag.  For each of these positions, adsorption 
occurs between the C atom and 1, 2, or 3 metal atoms, with the C–O axis oriented normal to the 
plane of the metal.  Atop (A), 2-fold bridge (B), and 3-fold hollow adsorption involve 
coordination to 1, 2, and 3 metal atoms, respectively.  CO may occupy 3-fold hollow sites that 
have either an fcc (C) or hcp (D) orientation, although adsorption to such similar structures can 
be difficult to differentiate experimentally.  Density functional theory (DFT) calculations of CO 
adsorption on Ag have estimated the vibrational frequencies for the atop, bridge, and hollow sites 
at approximately 2050, 1935, and 1895 cm
–1
, respectively.
26
  Furthermore, while ultra-high 
vacuum (UHV) and DFT studies in the absence of solvent typically find CO adsorption to be 
most stable at the atop position, DFT calculations suggest that CO prefers adsorption on Ag at 
the 3-fold hollow site when water occupies the atop site.
27
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Figure 2.1.  Possible CO adsorption sites on the close-packed (111) face of a metal with an fcc 
crystal structure:  atop (A), 2-fold bridge (B), fcc 3-fold hollow (C), and hcp 3-fold hollow (D). 
 
 We and others have found that the catalytic activity of bare Ag toward CO2 reduction is 
improved by solution additives such as 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-
BF4)
28
 and methylviologen.
29
  Recently, we showed that nitrogen-based Ag complexes formed 
from 3,5-diamino-1,2,4-triazole (DAT), pyrazole, or phthalocyanine all exhibited comparable 
performance for CO production as Ag alone, but with much lower mass loading of Ag.  AgDAT, 
in particular, was found to exhibit the earliest onset potential and greatest Faradaic efficiency for 
CO evolution, and even improved electrocatalytic performance as a free ligand in solution above 
bare Ag particles supported on carbon.
30
  Our present work explores the electrochemical 
reduction of CO2 on Ag through in situ surface-enhanced Raman spectroscopy (SERS) and 
electrochemical measurements in order to better understand the effect of DAT on the reaction. 
 
2.2 Experimental Details  
 The electrolyte solution was composed of 1 M KOH prepared from semiconductor grade 
KOH (99.99% trace metals basis, Sigma-Aldrich) and 18.2 MΩ·cm Milli-Q water (Millipore).  
In order to minimize the amount of dissolved CO2 in the electrolyte, the water was boiled for 
18 
approximately 15 min. prior to use.  Additionally, a saturating quantity of ACS reagent grade 
Ca(OH)2 (≥95.0%, Sigma-Aldrich) was added to bind CO2 that may be absorbed from the air 
over time as insoluble CaCO3.
31
  This electrolyte was used to prepare 10 mM sample solutions of 
DAT from 3,5-diamino-1,2,4-triazole (98%, Aldrich). 
 Addition of CO2 decreases the pH of sample solutions from approximately 13.3 to 
approximately 7.8 by the conversion of OH
–
 to HCO3
–
.
5
  For Ar control trials, the pH was 
reduced through the addition of HClO4 (Optima, Fischer Scientific) to match.  A 1 M KOD 
deuterated electrolyte was prepared by diluting 40 wt % KOD (98 atom % D, Aldrich) in D2O 
(99.9% D, Cambridge Isotope Laboratories). 
 The working electrode for these measurements was a polycrystalline Ag disk which was 
progressively polished using 9 to 0.25 μm diamond suspensions (MetaDi Supreme, Buehler).  
After each polishing step, the electrode was sonicated in Milli-Q water and thoroughly rinsed.  
As Ag surfaces are highly susceptible to contamination by carbon species,
32,33
 the polished 
electrode surface was electrochemically cleaned by reducing surface carbon contaminants to 
more soluble hydrocarbon species.
31
  In particular, the electrode was held at −3 V versus a 
Ag/AgCl (3 M KCl) reference electrode for 30 min. in the KOH/Ca(OH)2 electrolyte solution 
with a Ag wire as the counter electrode.  After rinsing, the clean Ag surface was roughened by an 
oxidation–reduction cycling process in 3 M KCl that has been previously described.34 
 A CHI760 potentiostat (CH Instruments) was used for all electrochemical experiments.  
A “no leak” Ag/AgCl electrode (3.4 M KCl, Cypress) was the reference electrode and a flame-
annealed Pt wire was the counter electrode.  All potentials reported here are referenced with 
respect to Ag/AgCl.  In situ SERS measurements utilized a spectroelectrochemical cell described 
previously.
35
  A 531.9 nm laser (B&W Tek) provided sample excitation approximately 45° 
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relative to an 85 mm f/1.2 collection lens (Canon).  The scattered radiation was then focused 
using an f/3.3 lens to the 50 μm slit of a SpectraPro 2300i monochromator (Princeton 
Instruments) with grating of 1200 grooves per mm.  The CCD detector (Andor) was 
thermoelectrically cooled to −60 °C.  Typical acquisition times varied from 5 to 15 s. 
 
2.3 Results and Discussion 
2.3.1 Voltammetry 
 Figure 2.2 displays cyclic voltammetry obtained from a roughened Ag electrode in a 
solution containing 1 M KOH + Ca(OH)2 (sat’d) pH-adjusted with HClO4 to pH ≈ 7.8 and 
purged with Ar (black line). 
 
Figure 2.2.  Cyclic voltammetry (50 mV/s) of the roughened Ag electrode in 1 M KOH + 
Ca(OH)2 (sat’d):  purged with Ar without DAT (black), purged with CO2 without DAT (red), 
and purged with CO2 with 10 mM DAT (blue).  The inset shows the region of CO3
2–
adsorption/desorption. 
 
 The voltammetry on the cathodic sweep is featureless until a potential of −1.1 V is 
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reached and H2 evolution occurs.  In a solution containing 1 M KOH + Ca(OH)2 (sat’d) 
continuously purged with CO2, the voltammetry exhibits increased cathodic current (Figure 2.2 
red line) which has previously been associated with CO and H2 production (as well as limited 
production of HCOO
–
).
7,36
  The CV obtained with this solution also exhibits small peaks between 
−0.4 and −0.5 V, as shown in the inset to Figure 2.2.  Originally, these features were attributed in 
part to the adsorption/desorption of OH
–
 from the Ag surface based on previous work using 
electrolytes between pH 11 and 14.
37-41
  However, their absence in solutions not containing CO2 
suggests these features are more likely associated with CO3
2–
 on the Ag surface at this pH, an 
inference supported by the SERS (vide infra).  In 0.1 M KHCO3 electrolyte, these features have 
been previously assigned to the adsorption/desorption of KHCO3.
36
  The SERS data also indicate 
that bicarbonate is unlikely to be the species responsible for these peaks. 
 In a solution containing 1 M KOH + Ca(OH)2 (sat’d) + 10 mM DAT continuously purged 
with CO2, the voltammetry also exhibits cathodic current starting at about −1.1 V.  A comparison 
of the onset potentials with changing DAT concentrations (data not shown) using an 
unroughened Ag electrode in an electrolyte without added Ca(OH)2 shows that the initial 
hydrogen evolution reaction (HER) onset becomes more negative with increasing DAT 
concentrations, decreasing from approximately −1.1 V without DAT to −1.3 V at a concentration 
of 0.1 M.  This suggests that adsorbed DAT may be inhibiting the onset of H2 evolution.  
Nonetheless, at more negative potentials where CO2 reduction to CO occurs (ca. −1.4 V), there is 
usually greater current density seen in the voltammetry of the samples containing DAT than 
those without, a result consistent with our earlier report.
30
  Additionally, the CO3
2–
 peaks at about 
−0.5 V are absent in the presence of DAT, presumably due to site-blocking by the ligand. 
 Figure 2.3 shows the cyclic voltammetry when the same experiment is performed absent 
21 
Ag, using a polished glassy carbon disk as the working electrode.  DAT addition is observed to 
have negligible impact on the onset potential of the cathodic current and the magnitude of the 
current density is significantly lower.  This behavior is consistent with previous observations,
30
 
and shows that CO2 reduction is far more active with the combination of Ag with DAT than it is 
without the metal. 
 
Figure 2.3.  Cyclic voltammetry (50 mV/s) of CO2 reduction and HER on glassy carbon in 1 M 
KOH + Ca(OH)2 (sat’d): purged with CO2 without DAT (black) and purged with CO2 with 10 
mM DAT (red). 
 
2.3.2 SERS 
2.3.2.1  CO3
2–
 
 In order to understand the origin of the increased CO production in the presence of DAT, 
we performed SERS on the roughened Ag electrode.  Figure 2.4 displays the SER spectra 
obtained in the 1 M KOH + Ca(OH)2 (sat’d) solution that was continuously purged with CO2 
during the cathodic sweep of staircase voltammetry. 
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Figure 2.4.  SER spectra during cathodic polarization in 1 M KOH + Ca(OH)2 (sat’d) solution 
continuously purged with CO2 showing the potential dependence of CO3
2–
desorption. 
 
 The applied potential was decreased from −0.05 to −1.85 V in 50 mV steps.  Figure 2.4 
displays a subset of this data from −0.05 V to −0.85 V in 100 mV increments.  Bands observed at 
1014 and 1355 cm
–1
 are attributable to the bicarbonate in the electrolyte.
42
  Peaks at 685 cm
–1
 (1) 
and 1049 cm
–1
 (3) correspond to vibrational modes of CO3
2–
 in aqueous solution,
42
 and peaks at 
722 cm
–1
 (2) and 1500 cm
–1
 (4) are assigned to chemisorbed CO3
2–
 on the Ag surface.
43,44
  At 
lower frequency, shown later in Figure 2.6A, two bands at approximately 284 cm
–1
 (5) and 392 
cm
–1
 (6) also represent CO3
2–
 adsorption to the Ag electrode.
44
  All these bands decrease in 
intensity with applied negative potential, and are not observed below about −0.55 V.  The 
potential dependence of these peak intensities is in agreement with the voltammetry presented in 
Figure 2.2, indicating that the CO3
2–
 is desorbed at approximately −0.5 V. 
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2.3.2.2  CO 
 Figure 2.5 shows the in situ SER spectra collected during the electroreduction of CO2 in 
the spectral region where CO appears.  Staircase voltammetry was performed from −0.05 V to 
−1.85 V, with spectral acquisition for 5 s at each 50 mV step.  For brevity, each figure displays 
the spectra at 100 mV intervals. 
 
Figure 2.5.  In situ SER spectra during cathodic and anodic polarization without DAT (A, B) 
and with DAT (C, D). 
 
 The potential was cycled three times in the 1 M KOH + Ca(OH)2 (sat’d) solution 
saturated with CO2, and the data shown was collected during the third consecutive cycle.  Figure 
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2.5A shows the cathodic polarization.  Here, adsorbed CO from previous cycles is observed near 
1880 cm
–1
 (7) and 1945 cm
–1
 (8) at −0.05 V.  As the potential is decreased, the corresponding 
decrease in intensity of these bands suggests CO desorption.  These peaks also exhibit significant 
Stark vibrational shifts to lower frequencies with negative potential, indicating a weakening of 
the intramolecular C–O bond.  As the potential is made more negative, the intensity of peak 8 
increases again between approximately −1.4 and −1.85 V, indicating generation of new CO from 
the reduction of CO2.  Assignment of the spectral features seen here is made with reference to 
prior work.  There have been numerous vibrational spectroscopy studies of CO adsorption on Ag 
surfaces in both UHV and aqueous environments, in which the CO vibration frequency at 
specific adsorption sites varies considerably with the experimental conditions.
22-25,45-49
 
 The adsorption of molecular CO on a metal surface is generally described by the 
Blyholder model.
50
  In this model, electron density is donated from the CO 5σ molecular orbital 
to the Ag metal surface.  In return, backbonding occurs from the Ag to the CO 2π* antibonding 
orbital, which decreases the strength of the C−O bond.  Thus, the observed frequencies for 
adsorbed CO are lower than that of free, gaseous CO (2145 cm
–1
).
51
  The greatest degree of 
backbonding occurs at CO adsorption sites with the highest coordination to the Ag.
52
  Thus, 
more-highly coordinated CO has weaker internal CO bonding and lower vibrational frequency. 
 Changing the applied potential changes the degree of backbonding.  The sensitivity of the 
frequency of the CO vibration to potential is known as a vibrational Stark shift.  Typically, a 
more negative potential increases the amount of backbonding, further weakening the internal CO 
bond and causing the CO vibration to shift to lower wavenumbers.
53
  Taken together, these 
considerations show that the most highly coordinated molecules will exhibit both lower vibration 
frequency and greater Stark shifts.  Such behavior has been observed with SERS for CO 
25 
adsorption to atop and bridge sites on Au@Pt nanoparticle electrodes over a wide potential 
range, with Stark shifts ranging from 32 to 137 cm
–1
/V.
54
 
 Given this information, the peaks shown in Figure 2.5A may be assigned to CO adsorbed 
at a 3-fold hollow site (7) and a bridge site (8) on the Ag surface.  As the potential sweep is 
reversed, peaks associated with CO produced on the surface are retained, as shown in Figure 
2.5B.  At −0.05 V, the most prominent signals are assigned to the return of peaks 7 and 8, found 
at 1870 and 1948 cm
–1
, respectively.  As the potential is swept in the positive direction, the 
quantity of CO generated decreases dramatically.  However, the increasing Ag surface charge 
likely causes a higher proportion of CO molecules that had been liberated to the solution to 
readsorb.  This increasing adsorption at higher potential yields the increase in intensity seen in 
peaks 7 and 8. 
 The data presented here show both similarities and differences with prior work examining 
CO2 reduction on Ag surfaces.  In subtractively normalized interfacial Fourier transform infrared 
(SNIFTER) spectra of CO2 reduction on Ag in 0.05 M Na2SO4, a peak at 1954 cm
–1
 found at 
approximately −0.7 V versus SHE was attributed to atop-adsorbed CO.16  In 3.5 M KCl, SERS 
of the Ag surface revealed peak growth at approximately 1940 cm
–1
 at −1.0 V versus SHE, 
which shifted to 1896 cm
–1
 at −1.6 V versus SHE.  During the anodic potential sweep, the CO 
peak disappeared between −0.7 and −0.5 V, while large peak growth was observed at 249 cm–1 
from Ag–Cl at −0.6 V versus SHE.  In another study, SERS spectra in 0.1 M KHCO3 revealed 
two bands near 2130 and 2180 cm
–1
, attributed to adsorbed CO and [Ag(CO)2]
+
, respectively.
14
  
Both peaks decreased in intensity between 0 and −0.3 V versus Ag/AgCl, beyond which they 
were no longer apparent.  In addition, several potential-dependent bands were assigned to 
HCOO
–
.  The band assignments reported here differ from these previous reports due to both the 
26 
absence of Cl
–
 in the electrolyte and the prevention of Ag oxidation by restricting the potential to 
those below 0 V versus Ag/AgCl. 
 Figures 2.5C and 2.5D display the cathodic and anodic scan SER spectra obtained from 
solutions containing 1 M KOH + Ca(OH)2 (sat’d) + 10 mM DAT continuously purged with CO2.  
The spectra here are substantially more complicated than those found absent DAT.  As before, a 
band associated with bridge-bound CO is observed at 1924 cm
–1
 (8), but this band occurs with 
both lower vibrational frequency and intensity than in the absence of DAT.  However, the 
potential dependence of the intensity decrease and Stark shift of peak 8 in the solution containing 
DAT are similar to those found absent DAT.  The lower energy peak 7 near 1880 cm
–1
 is no 
longer observable. 
 Figure 2.5C shows that there are two new CO adsorption peaks seen at 2049 cm
–1 
(9) and 
2099 cm
–1
 (10) in the presence of DAT.  Like peak 8, peak 9 decreases in intensity with cathodic 
potential.  However, peak 10 first increases to a maximum near −0.75 V before ultimately 
decreasing as the potential becomes more negative.  Peak 9 is at an energy associated previously 
with atop-bound CO on the Ag electrode surface.
24,26
  Peak 10 is at an energy where the CO must 
be physisorbed or only weakly coordinated with the underlying electrode surface.
22,23
  This band 
not only possesses a higher CO stretching frequency than atop-adsorbed CO, but also lacks a 
significant Stark shift.  The diminished intensity of this peak at potentials more positive than 
−0.75 V may reflect the displacement of this weakly adsorbing species by solution anions such 
as HCO3
–
 and CO3
2–
.  As the potential is swept to more negative values, the growth of peak 8 at 
1820 cm
–1
 is associated with the onset of CO gas generation near −1.4 V. 
 During the anodic scan (Figure 2.5D) peaks 8, 9, and 10 increase in intensity with 
increasing potential, demonstrating the recovery of CO on the electrode surface.  A new feature 
27 
(11) is also observed in the presence of DAT during anodic polarization that grows at 
approximately −0.85 V (1962 cm–1), peaks near −0.65 V (1970 cm–1), and disappears at −0.35 V 
(1970 cm
–1
).  This peak, intermediate in energy between adsorption to a top site and a typical 
bridge site, could possibly be assigned to another type of 2-fold bridge adsorption.  One such 
adsorption site could be the long-bridge of a (110) crystal face, but this would be expected at a 
much lower frequency based on calculations of CO adsorption to bcc metal surfaces (Fe(110), 
Mo(110), and W(110)).
55
  However, the surface structure of the roughened Ag, the presence of 
DAT, and solvent effects could all have a large influence on the available adsorption sites and 
their properties. 
 At lower frequencies, the metal–CO stretching region also demonstrates differences in 
CO adsorption from the addition of DAT.  Figure 2.6 shows the SER spectra every 100 mV 
during cathodic polarization of the electrolyte solution saturated with CO2. 
 
Figure 2.6.  In situ SER spectra during cathodic polarization without DAT (A) and with DAT 
(B). 
 
 Figure 2.6A was obtained in the absence of DAT, whereas 10 mM DAT was used for the 
spectra shown in Figure 2.6B.  As discussed earlier, there are two potential-dependent bands (5 
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and 6) assignable to chemisorbed CO3
2–
 in Figure 2.6A, which are not seen when DAT is added.  
As the potential is made more negative, peak growth is observed at 353 cm
–1
 (12) and 406 cm
–1
 
(13).  Although these values are higher than expected for CO adsorption to Ag based on previous 
DFT calculations, they do fall within the general ranges observed experimentally for CO binding 
to other transition metal surfaces (330 cm
–1
 to 480 cm
–1
).
26
  Spectroscopic evidence of CO 
adsorption to transition metals has long established the inverse relationship between the level of 
coordination at surface sites and the frequency of CO vibration.
56
  Ag–CO stretching in hollow 
site adsorption is therefore expected at a lower Raman shift than at bridge site adsorption.  
Further, the intensity ratio between the higher frequency, higher intensity bridge peak and the 
lower frequency, lower intensity hollow peak observed in the C–O stretching region echoes the 
ratio of the peaks seen here in the Ag–CO stretching region.  Therefore, we attribute peak 12 to 
the Ag–CO stretch of hollow site adsorption and band 13 to bridge adsorption. 
 Figure 2.6B shows that bridge adsorption is retained with the addition of DAT by the 
presence of band 13 at approximately 402 cm
–1
.  There is no peak assignable to hollow site 
adsorption, which agrees with what was observed in the C–O stretching region during cathodic 
polarization (Figure 2.5C).  Like C–O stretching, the Ag–CO stretching mode also increases in 
frequency with decreasing surface coordination.
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 Figure 2.7 depicts the potential dependence of the frequency of the CO bands at various 
adsorption sites.  Peak frequency as a function of potential is plotted with DAT (red) and without 
DAT (black) for the anodic scans seen in Figure 2.5B and 2.5D.  As shown, the addition of DAT 
promotes CO adsorption in three new ways previously unobserved in the absence of the 
molecule.  The Stark shift for each unique CO site is reported in Table 2.1.  The most remarkable 
feature of the effect of DAT is to produce a CO stretching band at high energy which does not 
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exhibit a Stark shift.  The lack of a Stark shift means that direct communication with the Ag 
surface must be inhibited. 
 
Figure 2.7.  Peak frequency as a function of potential for adsorbed CO during anodic 
polarization. 
 
Table 2.1.  Peak Frequency Ranges and Stark Shifts of CO Adsorbed at Various Ag Surface 
Sites During Anodic Polarization from −1.85 to −0.05 V vs Ag/AgCl. 
Peak 
DAT 
Present 
Adsorption Site 
Frequency Range 
(cm
-1
) 
Stark Slope 
(cm
-1
/V) 
7 yes 3-fold hollow 1815–1840 87 
7 no 3-fold hollow 1818–1870 91 
8 yes bridge 1838–1921 84 
8 no bridge 1858–1950 88 
9 yes atop 2044–2051 16 
10 yes physisorbed 2093−2100 4.3 
11 yes other bridge 1960–1977 20 
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2.3.2.3  DAT 
 Figure 2.8A shows the normal Raman spectrum obtained from a neat AgDAT complex 
synthesized from DAT and Ag2SO4 (black).  The complex exhibits peaks and shoulder bands 
between 1000 and 1700 cm
–1 
associated with a variety of vibrational modes for the ring and its 
amine groups according to Raman spectra and vibrational assignments reported previously for 1-
H DAT
57
 and 4-H DAT.
58
  To our knowledge, the SER spectra of the AgDAT complex has not 
been previously reported, but the Ag(DAT)NO3 complex has been characterized using IR.
59
  
This study suggested that the complex exists as a polymer, with Ag coordinated to nitrogens on 
either side of the ring.  The structure of the complex at our electrode surface has not been 
determined.  Figure 2.8A also shows that similar modes are seen in the SERS spectrum when the 
Ag electrode is first immersed in an electrolyte solution containing 10 mM DAT (red).  The 
presence of these features shows that the AgDAT complex spontaneously forms at open circuit 
potential.  Also shown in Figure 2.8A is the normal Raman spectrum of neat DAT (blue), which 
demonstrates the spectral differences between the silver complex and the free ligand.  Figure 
2.8B shows that peaks associated with the AgDAT complex diminish as the potential is swept to 
more negative values.  The potential was changed in 50 mV steps, but the spectra are shown at 
300 mV intervals for clarity.  The peaks associated with the AgDAT complex reappear once the 
electrode returns to the open circuit potential, but remain absent as the electrode is cycled over 
the negative potential region used here. 
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Figure 2.8.  Normal Raman and SER spectra of (A) the neat AgDAT complex (black), the 
roughened Ag electrode with 10 mM DAT dissolved in the electrolyte (red), and the neat DAT 
ligand (blue), and (B) the roughened Ag electrode immersed in the electrolyte solution with 10 
mM DAT during cathodic potential application. 
 
 The decreased intensity of peaks associated with the AgDAT complex during cathodic 
polarization indicates that the ligand is dissociating from the negatively polarized surface.  
However, there are indications that part of the ligand is retained on the surface at potentials 
where CO adsorption is altered by the presence of DAT.  Figure 2.9 shows the potential 
dependence of three bands associated with the AgDAT complex at negative potentials in 
solutions absent CO2. 
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Figure 2.9.  SER spectra during cathodic polarization of the Ar-purged electrolyte containing 10 
mM DAT. 
 
 The figure shows the presence of bands 14, 15, and 16 at approximately 779, 1212, and 
1606 cm
–1
.  The first two bands may be assigned to the tertiary amine C–N–C stretching modes, 
and the 1606 cm
–1
 is attributable to the NH2 scissor mode.
60
  In contrast to the other AgDAT-
associated bands, which consistently decrease in intensity with cathodic potential, these peaks 
demonstrate growth before ultimately diminishing as gas production begins.  The potential-
dependent growth of these peaks therefore indicates that the ligand does interact with the 
electrode surface at the potentials just above the onset potential for HER.  DAT remains bound to 
the surface at least this far during cathodic polarization with a possible change in surface 
orientation relative to the neat AgDAT complex. 
 In the presence of CO2, these bands were obscured.  However, Figure 2.10A shows the 
baseline-corrected difference spectra of the normalized CO2 reduction spectra during cathodic 
polarization with DAT minus the spectrum without DAT.  In this region, a peak is observed at 
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approximately 204 cm
–1
 (17) assigned to Ag–N stretching on the basis of similarity with other 
complexes.
61-63
  The intensity of this mode decreases continually until approximately −1 V.  
Figure 2.10B shows that in Ar, a Ag–N stretching mode is also observed with potential-
dependence very similar to those of peaks 14, 15, and 16.  However, the peak frequency of this 
band is shifted to approximately 249 cm
–1 
(18). 
 
Figure 2.10.  SER difference spectra during cathodic reduction with DAT minus that without 
DAT in the Ag–N stretching region with CO2 (A) and with Ar (B). 
 
 Figure 2.11 shows the potential dependence of the normalized, baseline-corrected peak 
intensity of the non-coordinated CO stretching peak at 2099 cm
–1
 that appears when DAT is 
added for CO2 reduction.  Overlaid in this spectrum is the potential dependence of the four bands 
(14–17) associated with DAT retention on the Ag surface.  The figure shows that modes 
associated with DAT (or possibly its degradation product) are present on the electrode surface at 
the same potentials where the non-coordinated CO band is present.  The presence of these modes 
with intensity mirroring that for non-coordinated CO indicates that a surface ligand may be 
present and preventing stronger Ag–CO adsorption.  The diminished (or absent) Ag–CO 
coordination is suggested as the origin of enhanced CO production in the presence of the DAT 
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ligand.  Figure 2.11 also shows that beyond the potential of the onset of HER at about −1.1 V, 
neither the non-coordinated CO nor the ligand are very strongly bound to the Ag. 
 
Figure 2.11.  Normalized, baseline-corrected intensity as a function of cathodic potential during 
CO2 reduction for the noncoordinated CO stretching band (10) and four bands related to surface-
bound DAT (14–17). 
 
2.3.2.4  Alkanes 
 In addition to CO adsorption, significant Raman bands were observed in the C–H 
stretching region.  Figure 2.12 shows the potential dependent Raman spectra collected during 
staircase voltammetry in the 1 M KOH + Ca(OH)2 (sat’d) electrolyte. 
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Figure 2.12.  SER spectra in the C–H stretching region during cathodic (A) and anodic (B) 
polarization in the CO2-saturated 1 M KOH + Ca(OH)2 (sat’d) electrolyte. 
 
 The spectra show that beginning at about −0.5 V as the potential is swept in the cathodic 
direction (Fig. 2.12A), CH2 symmetric (near 2850 cm
–1
) (21) and asymmetric (near 2920 cm
–1
) 
(22) stretching modes are visible.
64
  The intensity of these peaks increase considerably until a 
maximum is reached near −1.2 V, beyond which they decrease to a minimum at the most 
negative potential, −1.85 V.  As the potential decreases, these two peaks experience a slight 
lower-energy shift to 2847 and 2913 cm
–1
, respectively.  In addition, two more peaks develop 
near 2715 cm
–1
 (19) and 2820 cm
–1
 (20), which do not change frequencies as the potential is 
modified.  The CH2 scissor mode at 1440 cm
–1
 is also visible (not shown), and the potential 
dependence of its intensity mirrors that seen in Figure 2.12.  The reverse pattern is observed 
during the anodic scan (Fig. 2.12B), although the peak intensity is generally lower and the 
methylene stretching peaks 21 and 22 are retained all the way back to the highest potential (2853 
and 2924 cm
–1
 at −0.05 V). 
 These potential-dependent changes in intensity and the appearance of new features at 
19 19 
20 
20 
21 21 
22 22 
A B 
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2715 and 2820 cm
–1
 are indicative of the presence of long chains of methylene groups growing 
on the surface.  In work examining surfactant molecules on Ag, the presence of peaks 19 and 20 
has been associated with the methylene chains becoming more parallel to the Ag plane and 
increasingly rigid with negative potential, until they are ultimately desorbed.
65,66
  A peak near 
2720 cm
–1
 is observable in solid surfactant samples, indicating that the applied cathodic potential 
produces a rigid, crystalline hydrocarbon layer at the surface.  The band 20 is attributable to C–H 
stretching in either the gauche or trans conformations.  The increase in intensity among all C–H 
stretching modes likely results from the reorientation of methylene chains toward the surface, 
aligning the C–H stretching axis with the enhanced electromagnetic field perpendicular to the 
surface.
66
 
 We wanted to clarify the source of hydrogen in the hydrocarbons growing on the surface.  
Figure 2.13 shows the results during cathodic polarization from a similar experiment performed 
in deuterated electrolyte (1 M KOD in D2O).  Figure 2.13A, showing the C−D stretching region 
obtained during the first potential cycle, displays no significant intensity.  Figure 2.13B, also 
obtained during the first cycle, shows that C−H stretching is initially observed.  However, Figure 
2.13C and 2.13D show the spectral results from same system after two complete voltammetric 
cycles.  With successive cycling, the C–H peaks decrease in intensity whereas peaks 23 and 24 in 
the C–D stretching region have grown.  These stretches at approximately 2069 cm–1 (23) and 
2106 cm
–1
 (24) correspond to the symmetric and asymmetric stretching modes of paraffinic CD2, 
respectively.
67
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Figure 2.13.  SER spectra in the C–D (A, C) and C–H (B, D) stretching regions during cathodic 
polarization in CO2-saturated electrolyte.  (A) and (B) were collected during the first cycle, while 
(C) and (D) represent the third cycle. 
 
 These data show conclusively that hydrocarbons are being generated on the Ag electrode 
surface, with the ultimate source of hydrogen coming from water.  The hydrocarbon peaks are 
not the result of adventitious contamination, but rather form as a consequence of CO2 reduction. 
Prior work using vibrational spectroscopy has observed similar hydrocarbon formation variously 
described as parrafinic hydrocarbons, branched hydrocarbons, aldehydes, and formate, as well as 
graphitic surface carbon.
14,17,18,31,68
  This work reports the first observation of a methylene peak 
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shift upon deuteration.  Finally, in work using online mass spectrometry, Jaramillo confirmed the 
formation of hydrocarbons during CO2 reduction on Cu.
69
 
 The cycle dependence of the intensities in the C–D and C–H regions shows that 
continued cycling leads to desorption of the hydrocarbon.  We wanted to discriminate more 
carefully between hydrocarbons on the Ag surface that might occur as a result of contamination 
and those that grow as a result of CO2 reduction.  Figure 2.14 shows that in 1 M KOH + 
Ca(OH)2 (sat’d) purged with Ar, these same C–H stretching modes were also observed.  Figure 
2.14A shows that the intensity of these bands decreases considerably after several successive 
cycles. 
 
Figure 2.14.  SER spectra at −1.1 V of hydrocarbon formation from CO2 reduction during 
cathodic sweeps:  in an Ar-purged electrolyte for three cycles (A) and in the same electrolyte 
after several more cycles in Ar and after the introduction of CO2 (B). 
 
 The Ar-purged system was cycled several additional times and the peaks continue to 
show diminished intensity cycle after cycle.  Then, CO2 was introduced to the solution, and 
staircase voltammetry was once again collected after 5 min. and after 45 min. of CO2 sparging.  
Figure 2.14B shows that regrowth of the C–H peaks was observed after a sufficient quantity of 
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CO2 has been added.  The carbon source in the initial sample is therefore most likely 
atmospheric CO2 that adsorbs to the Ag during experimental setup. 
 The influence of DAT on the C–H stretching peaks is shown in Figure 2.15.  Figure 
2.15A compares the normalized, baseline-corrected intensities of the C–H symmetric stretching 
modes during cathodic polarization in solutions with and without DAT.  As shown, the onsets of 
growth and decline in the band intensity with DAT occur at potentials slightly more negative 
than those without.  Figure 2.15B shows SERS obtained from the C–H stretching region at a 
potential of −1.25 V during the first cathodic scan with and without DAT.  The figure shows that 
the peaks have much greater intensity when the ligand molecule is absent.  These data suggest 
that the presence of DAT on the surface inhibits the formation and adsorption of the hydrocarbon 
species, which might again favor CO production over other reaction pathways. 
 
Figure 2.15.  Differences in potential dependence (A) and spectral intensity (B) of C–H 
stretching during cathodic polarization between trials without and with DAT. 
 
2.4 Conclusions 
 This work shows that adding DAT to a Ag electrode gives rise to a number of significant 
-2.0 -1.5 -1.0 -0.5
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 I
n
te
n
s
it
y
Potential vs Ag/AgCl (V)
 No additive
 With DAT
 
2600 2800 3000 3200
In
te
n
s
it
y
Raman Shift (cm
-1
)
 No additive
 With DAT
 
A B 
40 
changes in CO2 reduction activity.  The voltammetry shows that CO2 reduction occurs with 
slightly less overpotential in the presence of DAT.  While in situ SER spectra obtained during 
the electroreduction of CO2 on a Ag electrode reveal several sites for adsorption of the generated 
CO product, the addition of DAT is associated with CO adsorption to sites with less surface 
coordination, even after dissociation of most of the initial AgDAT complex.  In particular, SER 
spectra show that CO is much more weakly bound on DAT-exposed Ag relative to bare Ag.  
This weakly-bound CO does not exhibit a Stark shift, again emphasizing the lack of significant 
interaction with the underlying Ag surface.  The observation of weakly-bound or physisorbed 
CO implies that the product is able to leave easily, increasing the efficiency of the Ag catalyst.  
The presence of DAT-related peaks at the potentials where physisorbed CO is observed suggests 
that it is adsorbed DAT or a ligand decomposition product that is disrupting the Ag surface and 
preventing more stable CO coordination. 
 The explicit mechanism by which DAT suppresses stable CO coordination and 
encourages weaker CO coordination is not yet known.  The Ag requirement for significant 
catalytic activity suggests strongly that Ag sites are involved in the reactivity.  The DAT may 
block sites where more stable CO coordination can occur, leading to higher reduction rates 
because product CO removal is enhanced. 
 Addition of DAT has consequences for the formation of hydrocarbon species also 
observed on bare and DAT-decorated Ag.  Absent DAT, hydrocarbon byproducts are observed 
to form, the origin of which is CO2 bubbling into the solution and protons from water 
decomposition.  With DAT, hydrocarbon formation is suppressed and occurs at about 0.2 V 
more negative potentials relative to the bare surface.  This result again suggests that DAT is 
blocking a reaction pathway existent on the bare Ag. 
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Chapter 3 
 
Improved Conversion of CO2 to C2H4 by Electrolysis on Cu with  
3,5-Diamino-1,2,4-Triazole 
 
Adapted with permission from Ma, S.; Schmitt, K. G.; Liu, L.; Chen, R. Y.; Ishihara, T.; Kenis, 
P. J. A.; Gewirth, A. A.  Improved Conversion of CO2 to C2H4 by Electrolysis on Cu with 3,5-
Diamino-1,2,4-Triazole.  In preparation 2016. 
 
Collaborators Sichao Ma and Lin Liu contributed the data presented in:  Figures 3.1-3.4, Table 
3.1, and Figures A.1 and A.2 in Appendix A. 
 
3.1 Introduction 
In the past few decades, atmospheric CO2 levels have increased drastically and reached 
400 ppm due to increased human activity and global population, leading to undesired impacts 
such as global warming, sea level rise, and more erratic weather.
1
  Multiple approaches such as 
switching to renewable energy, enhancing the energy efficiency of buildings and cars, and 
capturing carbon from point sources have been proposed to curb the rise, and eventually lower 
atmospheric CO2 levels.
2
  Additionally, the electroreduction of CO2 to other value-added 
chemicals provides a pathway to reduce CO2 emissions and at the same time store otherwise-
wasted intermittent renewable electricity in the form of chemical energy.
3-6
   
Among various metal catalysts for the electroreduction of CO2, Cu is the only catalyst 
known to be able to reduce CO2 to ethylene (C2H4) at considerable Faradaic efficiencies.
6
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However, the Faradaic efficiency of C2H4 is still around 30% when using Cu catalysts, which 
hampers the practical application of this technique.  Developing catalysts to improve the 
selectivity of C2H4 at low overpotentials (< 1 V) is necessary to make this process economically 
viable.  Previously, Hori et al. found that a single crystal  Cu(911) surface could achieve a C2H4 
FE of 51% at -0.96 VRHE.
7
  However, these single crystal electrodes are usually difficult to 
manufacture and have low surface areas, and thereby are unsuitable for practical applications.
8
  
Highly dispersed Cu nanoparticles are much better suited for electrolyzer-type applications.
8
  
Chorkendorff et al. reported that a Cu nanoparticle-covered electrode showed better selectivity to 
ethylene compared with an electropolished Cu electrode and an argon-sputtered Cu electrode.
9-10
  
However, the highest FE for C2H4 is still around 35% at -1.1 VRHE.  Therefore, methods to 
further improve the FE for C2H4 when using Cu nanoparticles are needed.   
Previously, N-containing electrolytes or solid-state materials have been reported to act as 
co-catalysts or even direct catalysts to improve the reaction kinetics and selectivity for a specific 
product.
11-17
  Surface-enhanced Raman spectroscopy (SERS) has been previously used to 
improve understanding of the CO2 reduction pathways on Au and Ag electrodes.
13,18
  The 
inclusion of specific nitrogen-containing ligands as additives in the electrolyte was found to 
improve catalysis for both metals, but by different mechanisms.  Like these metals, metallic Cu 
also has surface plasmon resonance that is excited by visible-wavelength light and can be easily 
nanostructured.  Therefore, SERS is an ideal technique to obtain structural information about 
CO2 reduction intermediates, products, and ligands at the Cu surface. 
Here, inspired by prior work, we incorporated N-containing compounds into Cu 
nanoparticle (CuNP) based electrodes to improve the selectivity for C2H4.  SERS was employed 
to help correlate mechanistic changes in product formation, particularly the improvement in FE 
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for C2H4, to structural changes of Cu surface adsorbates. 
 
3.2 Experimental Details 
3.2.1 Flow Cell Electrolysis 
3.2.1.1  Preparation of Electrodes Composed of Cu Nanoparticles and N-containing Ligands  
Anode gas diffusion electrodes (GDEs) were prepared using a hand-painting method as 
previously reported.
19
  IrO2 (non-hydrate, Alfa Aesar) was used as the anode catalyst.  Anode 
catalyst inks used for anodes were prepared by mixing Millipore water (200 μL), IrO2 catalyst (5 
mg), Nafion solution (6.5μL, 5 wt%, Fuel Cell Earth), and isopropyl alcohol (200 μL, Macron 
Fine Chemicals).  The mixture was sonicated for 15 min. and painted using a painting brush on a 
gas diffusion layer (GDL, Sigracet 35BC).  The anode loading was determined to be 1.5 ± 0.1 
mg cm
-2
. 
The CuNP GDE (control electrode) was prepared by depositing CuNP catalyst ink onto a 
GDL.  The copper nanoparticle (CuNPs) catalyst inks used for cathodes were prepared by 
mixing Millipore water (200 μL), CuNPs (5 mg, 20–40 nm, 99.9%, metal basis, Alfa Aesar), 
Nafion solution (13.0 μL, 5 wt%, Fuel Cell Earth), and isopropyl alcohol (200 μL).  The above 
mixture was sonicated for 15 min. and deposited on a GDL using an automated air-brushing 
setup as reported previously.
20
  The Cu catalyst loading was determined to be 1.1 mg cm
-2
.  
The N-containing ligand-incorporated GDEs were prepared by depositing mixed catalyst 
inks of CuNPs and the corresponding ligands onto GDLs.  The CuNP-DAT (3,5-diamino-1,2,4-
triazole, Sigma-Aldrich, 98%), CuNP-PZ (pyrazole, Sigma-Aldrich, 98%), and CuNP-TRZ 
(1,2,4-triazole, Sigma-Aldrich, 98%) inks were prepared by adding a DAT, PZ, or TRZ solution, 
respectively, to a CuNP ink.  The molar ratio of DAT, PZ, and TRZ to CuNPs were controlled at 
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1:1.  The mixture of ligand solution and CuNP ink was sonicated for another 15 min. and then 
air-brushed onto the GDL.  The final loading of Cu on CuNP-DAT, CuNP-PZ, and CuNP-TRZ 
electrodes was determined to be 1.0 ± 0.1 mg cm
-2
.  
 
3.2.1.2  Physical Characterization 
X-ray photoelectron spectroscopy (XPS) measurements of the Cu catalysts were 
performed at ambient temperature using Kratos Axis Ultra (Manchester, UK) with a 
monochromatic Al-Kα X-ray source.  GDEs of CuNP-DAT, CuNP-PZ, and CuNP-TRZ before 
and after flow cell tests were characterized directly using XPS.  Survey spectra as well as high 
resolution spectra of Cu 2p and N 1s were obtained.  Survey spectra were collected at a pass 
energy of 160 eV and high resolution spectra were collected using a pass energy of 40 eV.  The 
binding energy of the main C 1s peak was adjusted to 284.5 eV.   
Scanning electron microscopy (SEM, Hitachi S-4700) was used to observe the surface of 
GDEs before and after flow cell tests.  The SEM was operated at 10.0 kV, 15 µA, and at a 
working distance of 6.0 mm. 
 
3.2.1.3  CO2 Electrolysis and Product Analysis 
The electrochemical flow cell we described previously
23
 was used to carry out the CO2 
electrolysis.  An anion exchange membrane (Fumatech®) was inserted between the catholyte and 
anolyte chambers to prevent the liquid products from diffusing to the anode where they may 
become oxidized.  A mass ﬂow controller (MASS-FLO®, MKS instrument) was used to control 
the CO2 (S.J. Smith Welding Supply) flow rate at 7 SCCM.  A syringe pump (PHD 2000, 
Harvard Apparatus) was used to control the flow rate of the electrolyte (1 M KOH, pH=13.48).  
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The flow rate was set at 0.5 mL min
–1
 when applying cell potentials of –2.25 V to –3.5 V, while 
a flow rate of 0.1 mL min
–1
 was used for cell potentials between –1.6 and –2 V to increase the 
concentration of the liquid products at low current density operation conditions as previously 
described.
23
  A pressure controller (Cole-Parmer, 00268TC) was used to maintain a low gas 
pressure downstream of the cell, allowing gas products formed on the catalyst surface of the 
GDE to leave through the GDE to the gas stream.   
A potentiostat (Autolab PGSTAT-30, EcoChemie) was used to control the cell potential 
(–1.6 V, –1.75 V, –2 V, –2.25 V, –2.5 V, –2.75 V, –3 V, -3.5 V) in potentiostatic electrolysis 
mode to measure the performance of each GDE.  For each potential, the cell was allowed to 
reach steady state before the products were collected for analysis.  Gaseous products were 
analyzed using a gas chromatograph (Thermo Finnegan Trace GC) equipped with both a thermal 
conductivity detector (TCD) and a flame ionization detector (FID).  Gaseous products were 
analyzed by averaging triple injections.  The liquid products were collected at the exit stream of 
the electrolyte chamber and analyzed using 
1
H NMR as reported previously.
24-26
  100 µL of the 
catholyte was mixed with 400 µL D2O (99.9% deuterium atom, Sigma-Aldrich) and 100 µL of 
an internal standard consisting of 1.25 mM DMSO (99.98%, Calbiochem) in D2O.  The results 
presented here are from 32 scans (UI500NB, Varian) after solvent suppression and were 
processed using the MestReNova software (MestReLab). 
Individual electrode potentials were recorded using multimeters (AMPROBE 15XP-B) 
connected to each electrode and a reference electrode (Ag/AgCl; RE-5B, BASi) placed in the 
electrolyte exit stream.  The measured potentials (vs. Ag/AgCl) were converted to the RHE scale 
using E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 V + 0.0591 V/pH × pH as previously reported.
27-28
  
The electrode potentials were corrected for iR drop as previously reported.
19, 29
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The onset potential is defined as the lowest cathode potential at which we observe gas 
products in GC or liquid products in NMR.  The Faradaic efficiency and current density for a 
specific product is calculated similarly as previously reported.
23
  For the durability test, we 
controlled the total current in the galvanostatic electrolysis mode, in which the flow cell was 
operated at a total current of –150 mA.  Cathode potentials and products were recorded and 
analyzed every 30 min. after a starting point of 35 min. 
 
3.2.1 In situ Surface-Enhanced Raman Spectroscopy 
In situ SERS measurements were made using a previously described spectrometer system 
and 3-electrode cell.
13
  The excitation laser was a 632.8 nm He-Ne laser (Meredith Instruments), 
and the spectral resolution was estimated between 6-7 cm
-1
.  For these experiments, the working 
electrode was a manually polished polycrystalline Cu disk that was roughened for SERS activity 
by redox cycling in 0.1 M KCl (≥99.0%, Sigma-Aldrich), as previously described.21  The counter 
electrode was Cu wire, and the reference electrode was a “no leak” Ag/AgCl electrode (3.4 M 
KCl, eDAQ).  The potential of this reference was measured against a normal hydrogen electrode 
prior to each experiment, and the applied potential values are reported with respect to the 
reversible hydrogen electrode (RHE) based on conversion using the solution pH.  For each in situ 
SERS experiment, the potential was stepped in 50 mV increments every 30 s, and an 
accumulated Raman spectrum was simultaneously acquired from thirty 1 s acquisitions.  For 
clarity, the spectra are shown in each figure at 100 mV increments in the cathodic scan direction, 
from approximately 0.5 V to -1.0 V vs RHE. 
1 M KHCO3 (≥99.5% trace metals basis, Sigma-Aldrich) solutions were prepared with 
18.2 MΩ·cm Milli-Q water (Millipore).  For control trials without CO2 using 1 M KOH 
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electrolyte , a saturating quantity of Ca(OH)2 (99.995% trace metals basis, Aldrich) was added to 
bind excess atmospheric CO2 as insoluble CaCO3 solid.
22
  This was added to the KHCO3 
solutions as well to maintain similarity between the two solutions.  HClO4 (Ultrex II ultrapure 
reagent, J. T. Baker) was added to the control solutions without CO2 to provide pH similarity as 
well (pH ≈ 7.8).  For electrolytes containing 3,5-diamino-1,2,4 triazole (DAT, 98%, Aldrich), the 
DAT concentration was 10 mM.  Each solution was sparged with CO2 or Ar for at least 30 
minutes before use, and was continuously bubbled into the cell during experiments. 
 
3.3 Results 
3.3.1 Flow Cell Electrolysis 
Three N-incorporated GDEs:  CuNP-DAT, CuNP-PZ, and CuNP-TRZ were prepared by 
simply mixing CuNP with N-containing ligands (DAT: 3,5-diamino-1,2,4-triazole, PZ: pyrazole, 
TRZ: 1,2,4-triazole) during the catalyst deposition step as described in the above section.  The 
activities towards CO2 electrolysis of the N-incorporated GDEs as well as the GDE with only 
CuNP were measured in an electrochemical flow reactor as we reported previously.
23
  The 
electrolysis of CO2 on different electrodes was conducted potentiostatically, in which the overall 
cell potential was controlled.  -3.5 V was the most negative cell potential applied in this study as 
more negative potentials would produce a large amount of gaseous products in the electrolyte 
chamber and easily cause flooding of the electrode due to unbalanced gas-liquid pressure.   
Figure 3.1 compares the Faradaic efficiencies (FEs) for various major CO2 reduction 
products (CO, HCOO
-
, C2H4, C2H5OH) when different electrodes were used.  For CuNP, the FEs 
for CO (2-17%), HCOO
-
 (3-16%), C2H4 (0-26%), C2H5OH (0-18%) from -0.1 to -1.0 VRHE are 
similar to previously reported work,
9,26
 but at lower overpotentials, likely as a consequence of the  
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use of an alkaline electrolyte that improves reaction kinetics and the use of GDEs that improve 
mass transfer.
23
   
 
Figure 3.1.  Faradaic efficiencies for (a) CO, (b) HCOO
-
, (c) C2H4, and (d) C2H5OH using the 
CuNP electrode and the CuNP electrodes with different N-containing ligands incorporated 
(CuNP-DAT, CuNP-PZ, CuNP-TRZ).  
 
The incorporation of N-containing ligands into the Cu electrode affects the selectivity for 
different products.  Specifically, compared with the CuNP electrode, the electrodes incorporated 
with N-containing compounds exhibit higher FE for CO (Figure 3.1a), but lower FE for HCOO
-
 
(Figure 3.1b), which indicates that N-containing compounds may act to inhibit the conversion of 
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CO2 to HCOO
-
.  Previously, we reported that N-containing compounds may act as co-catalysts to 
improve the activity of Ag for the CO2 conversion to CO through promoting weaker CO 
adsorption.
12-13
  Here, the improvement in CO FE after incorporating N-containing compounds 
into the CuNP electrodes may also stem from changes to Cu-CO interactions by co-adsorbed 
ligands (as evidenced by SERS results, vide infra).  The proposed formation mechanisms of CO 
and HCOO
-
 occur through different reaction pathways, therefore the increase in selectivity for 
CO may lead to the decrease in selectivity for HCOO
-
, or vice versa.
6,30
  The SERS data also 
show adsorption of the DAT ligand, which displaces HCOO
-
 at the surface.  This direct surface 
blocking may cause the loss of HCOO
-
 FE. 
CuNP-DAT exhibits the highest FE for C2H4 (Figure 3.1c).  At only -0.84 VRHE, the 
CuNP-DAT achieves a C2H4 FE of 56%, which is about 2-fold higher than other electrodes at 
similar potentials.  For example, CuNP only achieves a C2H4 FE of 25% at a cathode potential of 
-0.85 VRHE, whereas CuNP-PZ achieves a C2H4 FE of 28% at a cathode potential of -0.80 VRHE, 
and CuNP-TRZ achieves a C2H4 FE of 28% at a cathode potential of -0.88 VRHE.  The lower CO 
FE that was observed in Figure 3.1a for CuNP-DAT compared with other N-incorporated 
electrodes is probably due to the improved conversion of adsorbed CO to C2H4.  Previously, 
Sammells et al. reported that a Cu-powder based GDE achieved a C2H4 FE of 67%, albeit at a 
very negative potential of -1.7 VRHE.
31
  Mul et al.
10
 and Chorkendorff et al.
9
 reported C2H4 FEs 
of 33% and 35% at -1.1 VRHE when using Cu nanoparticles prepared with two different methods.  
Hori et al. reported a C2H4 FE of 51% at -0.96 VRHE on a single crystal Cu(911)  surface.
7
  
Compared with these prior research efforts, the C2H4 FE level achieved by CuNP-DAT is among 
the highest, but at the lowest overpotentials.   
Figure 3.1d shows that the C2H5OH FEs are similar for all electrodes.  Usually, a high FE 
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for C2H4 will result in a high FE for C2H5OH as the production of C2H4 and C2H5OH is thought 
to occur through the same C-C coupling pathway.
32-33
  However, the high FE for C2H4 exhibited 
by the Cu-DAT electrode does not result in appreciable increased C2H5OH production, due to 
competitive surface adsorption of DAT (vide infra). 
The incorporation of N-containing compounds improves the total current density at 
cathode potentials more negative than -0.6 VRHE (Appendix A Figure A.1), indicating increased 
overall rates in the presence of N-containing compounds, especially DAT.  The origin of this 
behavior is likely increased roughness of the electrode following reduction of surface oxides in 
the presence of DAT (Appendix A Figure A.2).  We showed that DAT utilized as a deposition 
additive results in an exceptionally rough (and electrocatalytically active) surface for other 
electrocatalytic processes.
34
 
The partial current densities for various major products, obtained by multiplying the total 
current density by the product Faradaic efficiency, are shown in Figure 3.2.  Fig. 3.2 shows a 
trend similar to that seen in Figure 3.1:  electrodes incorporated with N-containing ligands 
exhibit higher partial current density for CO (Figure 3.2a) and lower partial current density for 
HCOO
-
 (Figure 3.2b) compared with the CuNP electrode.  The CuNP-DAT exhibits a partial 
current density for C2H4 production as high as 190 mA cm
-2
 at 0.84 VRHE, which is about two to 
three times higher than the other electrodes (Figure 3.2c).  This high level of current density for 
C2H4 is at least one order of magnitude higher than most previously reported partial current 
densities for C2H4 on Cu electrodes evaluated at similar potentials under ambient conditions.
9-
10,26-27,35
  Furthermore, it is also similar to more active CuNPs used on GDEs in an 
electrochemical flow reactor as we reported previously.
23
  The partial current density for 
C2H5OH with CuNP-DAT is slightly higher than with other electrodes (Figure 3.2d) despite the 
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similar C2H5OH FEs among all electrodes due to the higher total current density achieved by 
CuNP-DAT. 
 
Figure 3.2.  Partial current densities for (a) CO, (b) HCOO
-
, (c) C2H4, and (d) C2H5OH using 
CuNPs and CuNPs with different ligands incorporated on electrodes. 
 
Figure 3.3 reports the durability of the CuNP-DAT electrode under galvanostatic 
electrolysis conditions (constant current of -150 mA).  As shown in Figure 3.3a, the cathode 
potential increased slightly over the 275-min. durability test.  The FE for CO, C2H4 and C2H5OH 
decreased slightly, while the FE for H2 and HCOO
-
 increased slightly (Figure 3.3b).  This change 
may be due to leaching of some DAT from the electrode surface or incorporation of DAT into 
61 
the cracks of the electrode, leading to the activity more similar to that exhibited by the bare 
CuNP electrode (Figure 3.1).  In particular, the bare CuNP electrode exhibits decreased 
conversion of CO to C2 products and increased CO production.   
 
Figure 3.3.  (a) Cathode potential and (b) Faradaic efficiency as a function of time when using 
the Cu-DAT cathode in galvanostatic electrolysis at –150 mA over a total of 275 minutes. 
 
X-ray Photoelectron Spectroscopy (XPS) was used to analyze the oxidation states of the 
different electrodes.  Figure 3.4 shows the XPS spectra of CuNP, CuNP-DAT, CuNP-PZ, and 
CuNP-TRZ before CO2 electrolysis.  As shown in Figure 3.4, Cu(0)/Cu(I) and Cu(II) exist on the 
surface of all the electrodes.  Adding PZ into the CuNP electrode did not cause any obvious 
changes in Cu 2p peaks, while adding TRZ or DAT into the CuNP electrode increased the 
intensity ratio of the Cu(II) 2p3/2 (~935 eV) peak to the Cu(0)/Cu(I) 2p1/2 (953 eV) and 2p3/2 (932 
eV) peaks.  This observation indicates that DAT forms a stable complex with Cu(II) species,
36-38
 
which facilitates the oxidation of Cu(0)/Cu(I) species to Cu (II).   
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Figure 3.4.  High resolution XPS spectra of Cu 2p peaks for different electrodes:  CuNP, CuNP-
DAT, CuNP-PZ and CuNP-TRZ. 
 
The XPS spectra for all electrodes after the electrolysis do not show much difference as 
compared with the XPS spectra before the electrolysis (data not shown), indicating that Cu(0) 
formed in situ was oxidized to Cu(I) and Cu(II) when exposed to air after the electrolysis.
9,27
  
The similar XPS spectra of CuNP-TRZ and CuNP-DAT also explain why CuNP-TRZ rather 
than CuNP-PZ performs more similarly to CuNP-DAT in terms of Faradaic efficiencies and 
partial current densities for CO, HCOO
-
, and C2H4.  The N concentration on the different 
electrodes before and after CO2 electrolysis is summarized in Table 3.1.  The surface N content 
decreased after electrolysis for all the N-containing electrodes, indicating that N-containing 
compounds leached from the electrode surface, which is in good agreement with the durability 
results shown in Figure 3.3.  
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Table 3.1.  N content before and after the CO2 electrolysis from XPS analysis. 
Sample Remaining-N / Original-N 
CuNP-DAT 35.42% 
CuNP-PZ 65.85% 
CuNP-TRZ 67.02% 
 
3.3.2 SERS Identification of Surface Species 
3.3.2.1  CO 
 Figure 3.5a shows the SER spectra obtained from a solution containing CO2-sat’d 1 M 
KHCO3 + sat’d Ca(OH)2 at different applied potentials.  At positive potentials, the figure shows 
the presence of bands at 526 and 624 cm
-1
 (peaks 4 and 5) indicating the presence of Cu2O.
39
  
When the potential is decreased, this oxide is reduced near 0.3 V and a new band appears with a 
significant Stark shift near 364 cm
-1 
(peak 3).  This band is associated with the Cu-O stretch 
associated with adsorbed formate,
40
 as will be discussed in the following section.  With further 
reduction to about -0.5 V, new bands appear near 279 and 360 cm
-1
 (peaks 1 and 2) arising from 
adsorbed CO on Cu.  The 279 cm
-1
 band represents the frustrated rotation mode of Cu-CO, and 
360 cm
-1
 is the Cu-CO stretch.
41
  Figure 3.5b shows the corresponding SER spectra for the 
internal C-O stretching mode.  Four bands are observed at 2021, 2063, 2079, and 2093 cm
-1
, 
(peaks 6-9, respectively) all of which increase in intensity with applied cathodic potential beyond 
-0.3 V.  These peaks are associated with linear adsorption of CO to atop surface sites.
42
  These 
peaks are consistent with C-O stretching on Cu surfaces previously observed by vibrational 
spectroscopy,
43-45
 although the specific crystalline arrangement of the adsorption sites is unclear.   
The wide bandwidths and significant peak overlap likely reflects a high degree of disorder on the 
rough polycrystalline Cu electrode.
46
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Figure 3.5.  In situ SER spectra of CO2 reduction at the Cu electrode surface during cathodic 
polarization in the Cu-CO [(a) and (c)] and internal C-O [(b) and (d)] stretching regions.  The 
electrolytes were 1 M KHCO3 + sat’d Ca(OH)2 [(a) and (b)] + 10 mM DAT [(c) and (d)].   
* denotes modes assigned to DAT.  Peak assignments are given in Table 3.2. 
 
 Figures 3.5c and 3.5d shows the corresponding SER spectra obtained from a solution 
containing CO2-sat’d 1 M KHCO3 + sat’d Ca(OH)2 + 10 mM DAT.  To distinguish peaks in 
these spectra that result from CO2 reduction processes from peaks attributable to DAT, control 
experiments in CO2-free 1 M KOH + sat’d Ca(OH)2 + 10 mM DAT + HClO4 (to adjust pH ≈ 
7.8) were also performed.  Appendix A Figure A.3 includes the experimental spectra for these 
trials with peak identification of the DAT modes, which are listed in Appendix A Table A.1.  
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Table 3.2.  Raman mode assignments.  ν = stretch, δ = bend, ρ = rock, ω = wag. 
Peak Raman Shift (cm
-1
) Species Mode Assignment References 
1 279 CO frustrated ρ(Cu-CO) 41 
2 352-360 CO ν(Cu-CO) 41 
3 343-364 HCOO
-
 ν(Cu-O) 40 
4 526 Cu2O ν(Cu-O) 39 
5 624 Cu2O ν(Cu-O) 39 
6 2021 CO ν(C-O) 42-46 
7 2063 CO ν(C-O) 42-46 
8 2079 CO ν(C-O) 42-46 
9 2093 CO ν(C-O) 42-46 
10 578 CO δ(Cu-C-O) 47-48 
11 2044 CO ν(C-O) 42-46 
12 691-704 HCOO
-
 δ(OCO) 50-52 
13 745 HCOO
-
 δ(OCO) 50-52 
14 823 C2H5Oads νs(C-C) + νa(C-O) 50, 51 
15 845 C2H5Oads νs(C-C) + νa(C-O) 50, 51 
16 1002 intermediateads undetermined 45 
17 1014 HCO3
-
 ν(C-OH) 49 
18 1042 C2H5Oads νa(C-C) + νa(C-O) 55 
19 1071 C2H5Oads ρ(CH3) + ν(C-O) 55 
20 1129 intermediateads undetermined 45 
21 1297 intermediateads undetermined 45 
22 1359-1378 HCOO
-
 νs(C-O) 50-52 
23 1522-1557 HCOO
-
 νa(C-O) 52-54 
24 1673-1687 HCOOH ν(C=O) 52-54 
25 1438 intermediateads δ(C-H) 58 
26 1456 intermediateads δ(C-H) 58 
27 1550 intermediateads ν(C
--
O) 58 
28 1600 intermediateads ν(C=C) 58 
29 949 C2H4 ω(CH2) 59 
30 1258 C2H4 δ(CH2) 59 
31 1441 C2H4 δ(CH2) 59, 61 
32 1530 C2H4 ν(C=C) 59, 61 
33 1645-1654 intermediateads ν(C=C) 58 
34 2850 C2H5Oads νs(CH2) 56 
35 2873 HCOO
-
 ν(C-H) 52 
36 2903 C2H5Oads νa(CH3) 56 
37 2930 HCOO
-
 combination 52 
38 2959 C2H5Oads νa(CH3) 56 
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 Appendix A Figure A.4 compares the SER spectra obtained with and without CO2 at 0.5 
V and -1 V against spectra of complexed AgDAT and neat DAT.  These figures show that at 
high potentials, DAT adsorbs at the copper surface as a coordination complex of CuDAT.  The 
complete assignment of CuDAT vibrational modes is beyond the scope of this work.  As the 
potential is lowered, DAT dissociates from the Cu surface, but remains close to the surface as a 
free or physisorbed molecule.  This contrasts with DAT behavior on Ag surfaces, where more 
cathodic potentials resulted in lower DAT peak intensity as DAT was increasingly desorbed.
13
 
 In Fig. 3.5c, the peaks associated with Cu2O and adsorbed formate are now absent, 
suggesting blockage by competitive adsorption of DAT at these potentials as a Cu-DAT complex 
(see Appendix A Fig. A.4).  When the potential is lowered beyond -0.3 V, three prominent peaks 
are observed at 276, 373, and 578 cm
-1
.  Peak 1 (276 cm
-1
) remains as the Cu-CO frustrated 
rotation mode from adsorbed CO.  The peak at 373 cm
-1
 results from DAT, but the Cu-CO 
stretching mode (peak 2, 360 cm
-1
) is likely subsumed beneath this peak as a left shoulder.
41
  
Peak 10 (578 cm
-1
) is a new peak that is observed only when the solution contains both CO2 and 
DAT.  This peak may be assigned to a bending mode of adsorbed CO.  Infrared spectroscopy of 
several metal carbonyl complexes have revealed M-C-O bending vibrations between 468-682 
cm
-1
.
47
  Hydrogen bonding by distal histidine to Fe-CO adducts in myoglobin is known to induce 
Fe-C-O bending vibrations near 570 cm
-1
.
48
  It is possible that hydrogen bonding by DAT, which 
is observed to remain at the surface even at large cathodic potentials (Appendix A Fig. A.3), 
could induce Cu-C-O bending in surface-adsorbed CO in a similar fashion. 
 Fig. 3.5d shows spectra obtained for the internal C-O stretching vibration in the presence 
of DAT.  Where four distinct vibration modes were observed without DAT (Fig. 3.5b), only two 
bands are now present near 2044 and 2079 cm
-1
.  The peak at 2044 cm
-1
 lies in-between peaks 6 
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and 7 in Fig. 3.5b, and has been given its own assignment as peak 11.  The 2079 cm
-1
 peak is in 
excellent agreement with peak 8 without DAT, and likely results from the same species. 
 
3.3.2.2  HCOO
-
 
 Figures 3.6a and 3.6b display the SER spectra obtained from CO2-sat’d 1 M KHCO3 + 
sat’d Ca(OH)2 solutions in the intermediate frequency regions.  In Fig. 3.6a, the only major peak 
at 0.5 V (peak 17, 1014 cm
-1
) is the C-OH stretch of bicarbonate in the electrolyte.
49
  At slightly 
lower potential, peaks 12, 13, and 22 (691-704, 745, 1359-1378 cm
-1
, respectively) may be 
assigned to vibrations from produced formate.  These modes correspond to the OCO bending 
(12-13) and C-O sym. stretching (22) vibrations in adsorbed HCOO
-
.
50-52
  Similar to the Cu-
formate stretch observed in Fig. 3.5a, these modes appear at 0.2 V and their intensities decrease 
gradually as the potential is lowered.  The C-O-O rocking mode expected near 1070 cm
-1
 may be 
present,
51
 but is overshadowed by a very intense peak at the same frequency assignable to 
adsorbed ethoxy (discussed in the next section).  In Fig. 3.6b, peaks 23 (1522-1557 cm
-1
) and 24 
(1673-1687) also indicate the presence of formate, where 23 is the asy. C-O stretch and 24 
represents the C=O stretch in formic acid ligated to a copper surface through the carbonyl.
52-54
  
These formate-related bands also appear near 0.2 V and gradually decrease in intensity with 
applied cathodic potential.  Notably, many of the observed formate modes possess significant 
Stark shifts.  The large influence of applied potential on vibration frequency suggests direct 
interaction with the Cu surface. 
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Figure 3.6.  In situ SER spectra of CO2 reduction at the Cu electrode surface during cathodic 
polarization in the regions of formate and ethoxy vibrations.  The electrolytes were 1 M KHCO3 
+ sat’d Ca(OH)2 [(a) and (b)] + 10 mM DAT [(c) and (d)].  * denotes modes assigned to DAT. 
Peak assignments are given in Table 3.2. 
 
 Figures 3.6c and 3.6d show the corresponding spectra in the presence of DAT.  In these 
figures, most observed bands are assigned to DAT (see Appendix A Fig. A.3).  Formate-related 
peaks (12, 13, 22, 23, 24) are notably absent.  While it is possible for some of these peaks to be 
merely subsumed underneath overlapping DAT modes, the decreased FE for HCOO
-
 (see Fig. 
3.1b) suggests that HCOO
-
 production is strongly inhibited by adsorption of the DAT.   
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Moreover, peak 3 (Cu-formate stretching , Fig. 3.5a) is also absent when DAT is added (Fig. 
3.5c).   
 
3.3.2.3  C2H5OH 
 Figure 3.6a also contains several other SERS peaks in addition to those already assigned 
to formate.  These are assigned to vibrations of adsorbed ethoxy, as an intermediate in the 
production of ethanol.  The most intense peaks near 1042 and 1070 cm
-1
 (18 and 19, 
respectively) are cropped in Fig. 3.6a so that the other bands may be seen, but they are presented 
in full in Appendix A Fig. A.5.  These broad bands likely result from asy. C-C + C-O stretching 
(18) and CH3 rocking + C-O stretching vibrations (19) in surface-adsorbed ethoxy.
55
  The 
smaller peaks at 823 and 845 cm
-1
 (14 and 15, respectively) may also be associated with ethoxy, 
as they display growth and decay in their intensities similar to the larger peaks 18 and 19.  These 
modes are tentatively assigned to C-C + C-O sym. stretching in adsorbed ethoxy, with significant 
redshifting from the observed frequency on Cu(100) in UHV studies near 870 cm
-1
 perhaps due 
to influences of solvent and a polycrystalline substrate.
56-57
  These four ethoxy-related modes 
demonstrate peak intensity growth from 0.2 V to -0.3 V, followed by decay until approximately -
0.8 V.   
 In addition, Fig. 3.6a has three smaller bands observed at 1002, 1129, and 1297 cm
-1
 
(peaks 16, 20, 21, respectively) and for which specific vibrational assignments are unclear.  
However, these peaks are among those previously observed by SERS of CO2 reduction on Cu, 
that were assigned to an intermediate species with C-H, C=O, and C=C bonds.
45
  In Fig. 3.6b, 
concurrent bands appear at 1438, 1456, 1550, and 1600 cm
-1
 (peaks 25-28).  These peaks exhibit 
similar intensity growth with cathodic potential, and their frequencies coincide with the 
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frequencies expected for C-H bends, C
--
O stretches, and C=C stretches.
58
  The relative intensities 
of all these peaks generally increase with cathodic potential, with the greatest intensity occurring 
at the most negative potentials between -0.5 and -1 V.  Taken together, these seven peaks likely 
represent surface-bound intermediates that, like CO, have greater quantity and/or stability at 
negative potentials where formate and ethoxy are largely desorbed. 
 
3.3.2.4  C2H4 
 Figures 3.6c and 3.6d again demonstrate that the adsorption of DAT displaces the major 
bands of formate, ethoxy, and other intermediates.  However, a few new bands are now apparent 
in presence of DAT, but which are not ascribed to DAT modes.  Previous studies of vibrational 
spectroscopy of ethylene adsorption indicate that these modes may result from adsorbed ethylene 
or ethylene-like intermediates on Cu.
59-61
  Peak 29 (949 cm
-1
) likely represents a CH2 wagging 
mode, and peak 30 (1258 cm
-1
) represents the CH2 scissor bend in chemisorbed C2H4.
59
  These 
two peaks appear near -0.5 to -0.6 V and increase in intensity with cathodic potential.  Likewise, 
peaks 31, 32, and 33 in Fig. 3.6d also demonstrate increased growth with cathodic potential.  
However, these bands possess higher intensity and can be observed with onsets as early as 0 V.  
Peak 31 (1441 cm
-1
) is assigned to the CH2 scissor bend in physisorbed C2H4, and peak 32 (1530 
cm
-1
) denotes a C=C stretch.
59,61
  Finally, peak 33 (1645-1654 cm
-1
) appears at a higher 
frequency than expected for even free gaseous ethylene (1623 cm
-1
),
62
 suggesting that this band 
may be produced by an intermediate species containing C=C bonds which has not been fully 
reduced.
58 
 Figure 3.7a shows the SER spectra in the region of C-H stretching vibrations for the CO2-
sat’d solution containing 1 M KHCO3 + sat’d Ca(OH)2 without DAT.  Multiple C-H stretching 
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modes are present with a large degree of peak overlap.  We tentatively assign three peaks (34, 
36, and 38) to the vibrational modes in adsorbed ethoxy (2850 cm
-1
 CH2 sym. str., 2903 cm
-1
  
CH3 sym. str., and 2959 cm
-1
 CH3 asy. str., respectively)
56
 and two peaks (35 and 37) to adsorbed 
formate (2873 cm
-1
 C-H stretch, and 2930 cm
-1
 combination mode, respectively).
52
  However, 
there may unidentified intermediate species contributing peak intensity in this region as well.  
These peaks show increased intensity with applied cathodic current, suggesting increasing 
formation of CH-containing products at larger overpotentials.  This steady increase in intensity 
differs from the potential dependence observed for most other lower frequency modes, possibly 
indicating differences in molecular orientation or transitions from chemisorption to physisorption 
at very negative potentials. 
 
Figure 3.7.  In situ SER spectra of CO2 reduction at the Cu electrode surface during cathodic 
polarization in the C-H stretching region.  The electrolyte was 1 M KHCO3 + sat’d Ca(OH)2 (a) 
and 1 M KHCO3 + sat’d Ca(OH)2 + 10 mM DAT (b).  Peak assignments are given in Table 3.2. 
 
 Figure 3.7b shows the corresponding spectra in the presence of 10 mM DAT.  Here, there 
are no observable C-H stretching modes at any applied potential.  The competing adsorption of 
DAT at these potentials (vide supra) likely inhibits significant adsorption of formate or ethoxy 
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species.  Therefore, the addition of DAT may promote the formation of ethylene, which is able to 
leave the surface more quickly, over ethanol, which would remain on the surface during multiple 
proton and electron transfer steps.
30
   
 
3.4 Discussion 
 The combination of GC and SERS techniques provides a robust method with which to 
study the product distribution of the CO2 reduction reaction and the influence of DAT.  In the 
absence of DAT, the SER spectra above show selective adsorption of CO2-reduction species 
which demonstrate significant dependence on the Cu electrode potential.  Figure 3.8 shows how 
the normalized Raman intensity changes with potential for each observable product or 
intermediate.  For clarity, one peak is chosen to represent each class of surface species. 
 
Figure 3.8.  Baseline-corrected, relative SERS intensity as a function of cathodic scan potential 
for CO2 reduction species.  The electrolyte was 1 M KHCO3 + sat’d Ca(OH)2 (a) and 1 M 
KHCO3 + sat’d Ca(OH)2 + 10 mM DAT (b). 
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soon removed as the potential is decreased near 0.25 V, allowing for CO2 surface adsorption and 
reduction.  Between 0.25 V and -0.2 V, chemisorbed formate is the major product.  Further 
reduction between 0 and -0.5 V shifts the majority species to ethoxy, and the onset of significant 
CO adsorption begins at -0.3 V.  The intensity of adsorbed CO then increases until approx. -0.7 
V, and decreases slightly until -1 V.  The intensities of C-H stretching modes that represent 
physisorbed ethanol/formate products and/or reduction intermediates rise with cathodic potential 
below 0.25 V, and increases significantly with the increase of CO intensity.  This change in 
product speciation with changing potential is consistent with that observed in the GC results 
(vide supra).  Formate is preferentially produced at lesser overpotentials, and ethanol and 
ethylene are preferred at larger overpotentials.  However, at the most negative potentials, these 
species are displaced by significant adsorption of CO, which is both an intermediate to these 
three species and the fourth major product.  Fig. 3.8b shows that only ethylene and CO modes 
are observed in the in the presence of DAT.  The lack of ethoxy and formate associated modes 
between approx. 0.2 and -0.7 V suggests that strong Cu-DAT coordination is capable of blocking 
adsorption of these CO2 reduction products.   
There are several possible ways in which DAT could catalyze the formation of ethylene.  
The appearance of Cu-C-O bending and the alteration of C-O stretching vibrations in the 
presence of DAT suggests that DAT influences the geometric and/or electronic environment 
around adsorbed CO.  This effect could influence the rate of C-C coupling processes, which has 
been proposed as the rate determining step for the generation of ethylene and ethanol.
30
  
Formation of ethylene from adsorbed CO requires at least two fewer coupled proton-electron 
transfer steps relative to ethanol.  Thus, the residence time of adsorbed species on the surface is 
likely higher in the case of ethanol relative to ethylene.  Competitive adsorption of DAT for 
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surface sites may therefore favor ethylene production over ethanol.  
 Moreover, by inhibiting the production of formate by competitive adsorption, DAT may 
also remove HCOO
-
 as a source of influence over the distribution of later products.  It has been 
previously observed that formic acid can catalyze certain reactions that may be influential during 
CO2 reduction, such as ketene hydrolysis
63
 and keto-enol tautomerizations.
64
  The presence of 
formic acid might affect the surface-bound reduction intermediates,
30
 and alter the overall 
product distribution.  By strongly inhibiting the generation of formate, DAT could then indirectly 
influence the formation rate and amount of various products.  The improvement in the rate of 
ethylene production by DAT relative to PZ or TRZ reflects the weaker adsorption of DAT on the 
Cu surface, and the ability of the DAT molecule to leave open sites where ethylene production 
may occur.  Table 3.1 shows that both PZ and TRZ are more strongly adsorbed and consequently 
lead to preferential CO production relative to ethylene. 
 
3.5 Conclusions 
 In summary, this work studies how three different nitrogen-containing compounds affect 
the product distribution for the electroreduction of CO2 on Cu-based electrodes.  Compared to 
other N-containing compounds such as PZ and TRZ, DAT exhibits significant improvement in 
selectivity to ethylene.  The Faradaic efficiency for ethylene on the DAT incorporated electrode 
is more than twice as high as the Faradaic efficiency achieved on the other electrodes.  The 
partial current density for ethylene is as high as 190 mA cm
-2
 with a Faradaic efficiency of 67% 
at only -0.8 VRHE.  In situ surface-enhanced Raman spectroscopy indicates that the improved 
selectivity for ethylene with incorporated DAT is due to competition for surface adsorption sites 
between DAT and ethoxy and formate, as well as DAT’s influence on the surface adsorption of 
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CO.  Inducing Cu-CO bending may help to achieve faster kinetics of C-C coupling, a key step in 
the formation of C2 products.  
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Chapter 4 
 
3-Mercapto-1-Propanesulfonate for Cu Electrodeposition Studied by in situ Shell-Isolated 
Nanoparticle-Enhanced Raman Spectroscopy, Density Functional Theory Calculations, 
and Cyclic Voltammetry 
 
Reprinted with permission from Schmitt, K. G.; Schmidt, R.; von Horsten, H. F.; Vazhenin, G.; 
Gewirth, A. A.  3-Mercapto-1-Propanesulfonate for Cu Electrodeposition Studied by in situ 
Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy, Density Functional Theory 
Calculations, and Cyclic Voltammetry.  J. Phys. Chem. C 2015, 119, 23453-23462.  Copyright 
2015 American Chemical Society. 
 
4.1 Introduction 
 Electrochemical deposition is a useful means of plating copper interconnects for printed 
circuit boards,
1
 silicon chip integrated circuits,
2
 and through-silicon vias that permit three-
dimensional integration of multiple components on a single chip.
3
  To produce microelectronics 
with high efficiency and performance, integrated circuits can be produced by Damascene 
processing to plate Cu into micron and submicron interconnect trenches.  This plating of Cu into 
small trenches and vias requires uniform bottom-up, void-free filling.
4,5
  To precisely control the 
rate of Cu deposition at certain locations in the chip structure, various organic agents can be 
added to the plating solution in combination with chloride or other additives.
6-13
  For a typical 
acidic copper sulfate deposition bath, these include accelerators, suppressors, and levelers.
14
 
 Bis(3-sulfopropyl)-disulfide (SPS) is a conventional accelerating agent which undergoes 
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dissociation at the electrode surface to its monomer, 3-mercapto-1-propanesulfonate (MPS).
14,15
  
The role of SPS and MPS in Cu electroplating has been previously studied by a variety of 
electrochemical methods
11,14-22 
as well as additional techniques including vibrational 
spectroscopy,
23-25
 mass spectrometry,
20,24 
density functional theory calculations,
24,26,27 
scanning 
probe microscopy,
25-32 
electron paramagnetic resonance spectroscopy,
33 
and nuclear magnetic 
resonance spectroscopy.
34
  However, the mechanisms by which the sulfonate and thiol functional 
groups influence Cu electrodeposition are not yet fully understood.  Moreover, the effect of 
SPS/MPS on plating kinetics is dependent upon other additives in the same system.  In the 
presence of suppressing agents such as poly(ethylene glycol) (PEG), MPS increases the 
deposition rate by displacing PEG–chloride surface complexes, which strongly reduces the 
efficacy of suppression.
14  This “anti-suppressor” capability is largely responsible for the ability 
of MPS–PEG–chloride systems to achieve void-free Damascene plating.19  However, in the 
absence of PEG, the combination of MPS with Cl
–
 produces a mild acceleration beyond the Cl
–
-
only deposition rate.
17
  This work focuses on first understanding the simpler case of MPS surface 
behavior without the competitive adsorption of suppression additives. 
 Previous work investigated the role of MPS and SPS in accelerating deposition through a 
mechanism by which the concentration of the cuprous ion as a Cu(I) thiolate is increased.
14,17
  
However, other studies suggested the stabilization of Cu(I) chloride by the sulfonate moiety.
16,24
  
This hypothesis is supported by studies in which carboxyl, hydroxyl, or methyl-terminated 
alkylthiols demonstrate significantly diminished deposition current.
11,19,22
  Galvanostatic 
experiments also show that MPS or SPS actually inhibits Cu plating in the absence of Cl
–
.
16,33
  
These studies support models of MPS surface adsorption through the thiol and emphasize the 
importance of Cl
–
 interactions.  Further study is necessary to more fully understand the effects of 
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both MPS functional groups and how each interacts with Cl
–
. 
 Vibrational spectroscopy is one method by which the roles of each additive component 
could be studied.  For Cl
–
, surface-enhanced Raman spectroscopy (SERS) has identified the Cu–
Cl stretching mode at 290–300 cm–1.35-37  Notably, these SERS studies also observed a peak near 
290–295 cm–1 in sulfuric acid electrolytes that contained no chloride, which was variously 
attributed to Cu–O vibrations of adsorbed sulfate, adventitious chloride contamination, or solvent 
water vibrations.  Although stronger Cu–Cl interactions can be expected to displace adsorbed 
sulfate, the contributions of both adsorbates in this frequency region should be considered. 
 SERS studies of SPS at Cu electrodes have shown coadsorption of both the organic 
additive and chloride.  Early measurements assigned a peak at 299 cm
–1
 to Cu–Cl stretching, 
which agrees well with a previous report of Cu–Cl stretching at 300 cm–1 in the presence of 
thiourea.  However, Bozzini et al. observed a band at 256 cm
–1 
which was assigned to Cu–Cl, 
and a band at 300 cm
–1 
was attributed to Cu–O.  This discrepancy may result from the use of Ar-
purged solutions versus those that had not been deaerated.  It is also noteworthy that a decrease 
in the Cu–Cl stretching frequency has been observed in the SERS spectra of suppressor systems 
containing polyethylene glycol.  Here, the Cu–Cl stretching mode observed between 289 and 302 
cm
–1
 shifted to 260–270 cm–1 upon formation of a PEG–Cu–Cl complex.38  Because of the 
potential for variable strength of the Cu–Cl bond as well as the possibility of additional 
contributions from Cu–S and Cu–O vibrations that may have similar frequencies, careful study 
of the spectra in this region is required. 
 In this work, we employ in situ shell-isolated nanoparticle-enhanced Raman spectroscopy 
(SHINERS) in combination with density functional theory (DFT) calculations and cyclic 
voltammetry to investigate the role of the sulfonate and thiol functionalities.  To discern the 
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purpose of the thiol and sulfonate ends of MPS, we individually tested butanesulfonate and 
butanethiol as model compounds. 
 One issue in studies of Cu electrodeposition concerns the role of texture in the 
electrochemical response.  Nowhere is this concern more apropos than in SERS studies of Cu 
electrode surfaces, because of the need to roughen the electrode.  The roughening might change 
the relative binding ability of different plating bath constituents, as is thought to occur in 
trenches into which superfilling actually occurs.  In addition, electrode surface roughening is 
typically hard to reproduce exactly.  However, recently developed SHINERS enables vibrational 
spectroscopic interrogation of smooth (and therefore more reproducible) surfaces. 
 Moreover, the deposition and stripping of Cu during analysis may change the surface 
roughness considerably.  In SHINERS, the enhancement of Raman scattering is large very close 
to the interface between the shell-isolated nanoparticle and the metal electrode on which it is 
deposited.
39
  Therefore, regions of large electromagnetic field enhancement (where the 
nanoparticle, Cu electrode, and solution intersect) will be maintained despite changes in overall 
electrode roughness even as the level of plated Cu rises and falls around the nanoparticles. 
 
4.2 Experimental Details  
 All solutions were prepared with 18.2 MΩ·cm Milli-Q water (Millipore).  Silica-coated 
Au nanospheres (Au@SiO2) were synthesized based on the procedures of Tian et al.
40 
and 
modified slightly by us.
41-43  
Nanoparticle size, shell thickness, and the absence of pinholes in the 
shell were determined by using ultraviolet–visible (UV–vis) absorbance spectroscopy, dynamic 
light scattering, transmission electron microscopy (TEM), and cyclic voltammetry as previously 
described.
44
  The final Au@SiO2 SHINs were found to be approximately 35–55 nm in Au 
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diameter with a shell thickness of 2–3 nm. 
 In situ SHINERS experiments were performed with a polycrystalline Cu disk working 
electrode.  The disk (approximately 9.7 mm in diameter and 1.1 mm thick) was manually 
polished using 9–0.25 μm diamond suspensions (MetaDi Supreme, Buehler) with sonication and 
rinsing between each polishing step.  After mechanical polishing, the electrode was polished 
electrochemically based on a previous procedure.
45
  The working electrode was then rinsed with 
water and left to dry under a stream of Ar prior to deposition of the SHINs.  When dry, 50 μL of 
the prepared SHIN solution was dropcast onto the Cu disk and dried under Ar.  Finally, the 
working electrode was carefully rinsed with water to remove loosely held SHIN material and 
minimize multilayer formations. 
 Electrochemical measurements were conducted with a CHI760 potentiostat (CH 
Instruments).  The counter electrode was Cu wire that had been cleaned in dilute H2SO4 and 
rinsed with water.  The reference electrode was a “no leak” Ag/AgCl electrode (3.4 M KCl, 
eDAQ).  All potentials in this work are described with respect to Ag/AgCl. 
 Electrolyte solutions were made from 100 mM H2SO4 (Ultrex II ultrapure reagent, J. T. 
Baker) with various combinations of additives:  10 mM CuSO4·5H2O (99.999% trace metals 
basis, Sigma-Aldrich), 2 mM HCl (Ultrex II ultrapure reagent, J. T. Baker), 2 mM sodium 3-
mercapto-1-propanesulfonate (MPS, technical grade, 90%, Sigma-Aldrich), 2 mM sodium 1-
butanesulfonate (BuSO3
–
, >99.0%, Sigma-Aldrich), and/or 2 mM (formal concentration) 1-
butanethiol (BuSH, 99+%, Sigma-Aldrich).  MPS and BuSO3
–
 are readily soluble in their 
electrolyte solutions; however, an insoluble white solid that becomes yellow with time was 
observed when combining BuSH with aqueous Cu
2+
.  This product is most likely the Cu(I) 
butanethiolate salt
46
 in trans and gauche conformations,
47
 which necessarily reduces the 
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concentration of free BuSH in solution somewhat below its formal concentration of 2 mM.  To 
determine the actual concentration of free BuSH, the concentration of Cu
2+ 
in solution was 
measured by UV–vis absorbance at 811 nm48 after filtering out the precipitate.  The observed 
decrease in the concentration of Cu
2+ 
correlated with an estimated BuSH solution concentration 
of 1.6 ± 0.2 mM.  In addition, spontaneous reactions between copper ions and MPS are known to 
produce Cu(I) thiolates and SPS in solution, so the initial concentration of additive species is 
likely to change significantly upon achieving equilibrium.
34,48
  We did not evaluate the 
equilibrium concentration of each component.  However, MPS as well as both reaction products 
(Cu(I) thiolate and SPS) are all highly soluble in solution and known to readily adsorb to Cu 
substrates and remain adsorbed as the Cu(I) thiolate.
14,15,29
  Thus, the surface speciation and 
behavior is likely to resemble the adsorbed Cu(I) thiolate species regardless of the precise ratio 
of MPS to SPS in solution.  Each electrolyte was purged with Ar for at least 30 min. prior to use.  
The open circuit potential of the Ar-sparged H2SO4 + CuSO4 electrolyte without any additional 
additive was approximately −20 mV vs Ag/AgCl. 
 SHINERS measurements were performed by using a spectrometer that has been 
previously described.
49
  Excitation was provided by a He–Ne laser (Meredith Instruments) at 
632.8 nm.  During SHINER spectral collections, the potential was incrementally stepped at 50 
mV intervals.  A glass/Kel-F spectroelectrochemical cell described previously was used.
24
  Using 
a 10 μm monochromator slit width, the estimated spectral resolution was 2–3 cm–1.  The peak 
frequencies of the vibrational modes reported in this work were determined using the first 
derivative of the spectra that had been smoothed using a Savitzky–Golay method.  Error bars in 
the average peak intensities and vibration frequencies represent the standard deviation of 
multiple trials. 
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 Theoretical calculations were performed at the density functional theory level.  In 
particular, we used the CP2K code version 2.5 with a hybrid Gaussian and plane wave basis 
set.
50,51
  A Goedecker–Teter–Hutter (GTH) double-ζ basis set (GTH-DZVP) was used for the 
atom centered functions, and the plane wave cut off was set to 320 Ry.  Fermi–Dirac smearing of 
the molecular orbital (MO) occupation numbers was included with an electronic temperature of 
300 K and additional 250 MOs.  Scalar relativistic corrections are taken into account by 
employing GTH pseudopotentials for the core electrons.
52
 
 Cyclic voltammetry experiments were performed on the manually polished Cu disk 
without electropolishing or SHINERS deposition.  The potential was cycled at 100 mV/s in an 
Ar-purged solution containing 100 mM H2SO4, 2 mM HCl, and 2 mM of either MPS or BuSH.  
A solution of [Ru(NH3)6]Cl3 (98%, Sigma-Aldrich) in 100 mM H2SO4 + 2 mM HCl was injected 
into these analysis solutions to a final [Ru(NH3)6]
3+
 concentration of 1 mM. 
 
4.3 Results and Discussion 
4.3.1 In situ SHINERS without Organic Additives 
 Figure 4.1 shows the in situ SHINER spectra obtained from the solution containing (A) 
100 mM H2SO4 and 10 mM CuSO4 and (B) 100 mM H2SO4, 10 mM CuSO4, and 2 mM Cl
–
.  In 
Figure 4.1A, the most intense peak at ca. 965 cm
–1
 (peak o) represents the symmetric stretching 
mode of SO4
2–
.
53
  The 965 cm
–1
 energy for the stretching vibration of SO4
2–
 is lower here than 
that found for SO4
2– 
in solution (∼982–996 cm–1),53,54 which indicates that SO4
2– 
is chemisorbed 
to the electrode surface.  Peak b at ca. 285 cm
–1 
has been previously attributed to Cu–SO4 
stretching.
54,55
  Peak u (1216 cm
–1
) has been associated with symmetric S–O stretching in 
bidentate SO4
2–
 adsorption on a Cu(111) electrode by infrared reflection absorption spectroscopy 
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(IRRAS) and STM.
56
  The Raman shift frequency and vibrational assignment for each of the 
major peaks are listed in Table 4.1. 
 
Figure 4.1.  In situ SHINER spectra during anodic staircase voltammetry (50 mV per step) in 
(A) 100 mM H2SO4 and 10 mM CuSO4 and (B) 100 mM H2SO4, 10 mM CuSO4, and 2 mM Cl
–
. 
 
 All the bands seen in Figure 4.1A are potential-dependent.  The potential dependence of 
SO4
2– 
adsorption on a roughened Cu electrode has been previously characterized using SERS.
54
  
It was observed that the symmetric SO4
2–
 stretching mode decreased in intensity as the potential 
was increased from −0.5 to −0.2 V vs Ag/AgCl.  To explain this observation, it was proposed 
that SO4
2– 
was repelled away from the surface at low potential, leaving behind only a small 
amount of adsorbed SO4
2–
.  This inverse relationship between band intensity and anodic potential 
is in conflict with radiometric and electrochemical evidence for monotonically increasing SO4
2–
adsorption on both rough and smooth Cu electrodes.
57
  In another SERS study, SO4
2–
stretching 
intensity was also found to decrease with increasing positive potential.
58
  Here, the unexpected 
intensity profile was explained by a loss of surface roughness at potentials outside of the range of 
approximately −0.4 to −0.3 V vs Ag/AgCl.58 
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Table 4.1.  Raman Vibrational Mode Assignments.  ν = stretch, δ = bend, ρ = rock, τ = torsion. 
Peak 
Raman Shift (cm-1) 
Mode 
Assignment 
References No 
Additive 
BuSO3
- MPS BuSH Cl- 
BuSO3
- 
+ Cl- 
MPS 
+ Cl- 
BuSH 
+ Cl- 
a    283     ν(Cu–Sthiol) 63, 70, 72 
b 288 285 285      ν(Cu–SO4) 54, 55 
c     294 294 275 271 ν(Cu–Cl) 33-37, 54 
d   361 355    356 δ(CCC) 
66, 68, 69, 
71 
e   442 437   430 434 δ(CCC) 
66, 68, 69, 
71 
f   529    523  ρ(SO2) 65 
g   562    561  δ(SO2) 65 
h   617 617   611 617 
gauche 
ν(C–Sthiol) 
24, 48, 63, 
67, 69, 70 
i   674 682   671 682 trans ν(C–Sthiol) 
24, 63, 67, 
69 
j   733 739   726 734 ρ(CH2), τ(HCCC) 48, 69, 71 
k   790    790  ν(C–Ssulfonate) 24, 65 
l   847    844  ν(C–C), τ(HCCC) 71 
m    870    865 
ν(C–C), δ(CH2), 
τ(HCCC/HCCH) 
71 
n   918 892   911 887 ν(C–C) 71 
o 963 966 968 967     ν(SO4
2–) 53, 54 
p    1007    1003 
ν(C–C), δ(HCC), 
τ(HCCC/HCCH) 
69, 71 
q   1019 1061   1027 1053 ν(C–C), τ(HCCC) 
66, 67, 69, 
71 
r    1095    1091 ν(C–C) 
66, 67, 69, 
71 
s    1178    1178 
ν(C–C), δ(CCC), 
τ(HCCC/HCCH) 
71 
t    1208    1204 
δ(HCC), 
τ(HCCC/HCCH) 
71 
u 1216 1215 1200      ν(SO2) 56, 59 
v   1227 1233   1237  δ(HCC), τ(HCCC) 70, 71 
w        1259 τ(HCCC) 71 
x   1276 1292   1266 1286 δ(HCC), τ(HCCC) 71 
y   1345 1333   1340 1330 
δ(HCC), τ(HCCC), 
τ(HCCH) 
71 
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 In our spectra, bands o and b initially grow as the potential is made more positive from 
−0.6 to approximately −0.3 V.  Because we begin with a smooth, unroughened Cu(poly) 
electrode for SHINER spectra, we do not observe decreasing intensity of the SO4
2–
 stretching 
band due to a loss of surface roughness that was previously observed with SERS.
58
  The absence 
of leveling agents in the solution is actually more likely to increase the surface roughness during 
anodic steps as Cu deposition continues.  Rather, the increasing Cu surface potential induces 
increased adsorption of SO4
2–
, yielding the increase in peak intensity.  At potentials more 
positive than −0.3 V, bands o and b then decrease in intensity.  This phenomenon has been 
previously reported, in which the SERS band of SO4
2–
 stretching was found to sharply decrease 
in intensity at potentials more positive than −0.1 V vs SHE (−0.3 vs Ag/AgCl).53  This was 
attributed to the displacement of SO4
2–
 by water at higher potential, the loss of SO4
2–
 symmetry 
with increasing interaction with Cu, and the loss of surface roughness above −0.1 V vs SHE 
(−0.3 vs Ag/AgCl).  Because bands o (sym SO4
2–
 stretching) and b (Cu–SO4 stretching) both 
exhibit very similar potential dependence in our spectra, the influence of symmetry loss on 
surface interactions is likely to be small.  Therefore, the signal intensity decrease at potentials 
more positive than −0.3 V is likely associated with displacement by water before formal 
electrode surface oxidation near −0.2 V.57  Alternatively, band u is seen only at positive 
potentials and does not obtain intensity until −0.4 V.  The bidentate coordination of SO4
2– 
to Cu 
is thought to be enhanced at positive potentials because of sulfate-induced reconstruction of the 
Cu surface.
56
  At more negative potential, adsorbed SO4
2–
 anions are mobile, but increasing 
anodic potential causes formation of an ordered Moiré surface structure consisting of adsorbed 
SO4
2–
 and coadsorbed water.
59,60 
 
Figure 4.1B shows how the spectra change with the addition of Cl
–
.  Again, a peak near 
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approximately 290 cm
–1
 (peak c) is observed.  This peak exhibits potential-dependent intensity 
and energy, growing as the potential is made more positive and increasing in energy at a rate of 
23 cm
–1
/V.  This is similar to Stark shifts previously observed for Au–Cl (35 cm–1/V) and Ag–Cl 
(20 cm
–1
/V).
61
 
 Based on the different energy and behavior of peak c, it is associated with a layer of 
chemisorbed Cl
–
 rather than SO4
2–
.
35-37
  There are no additional features seen in Figure 4.1B; in 
particular, the sulfate stretch at 965 cm
–1
 is absent.  This suggests that Cl
– 
blocks the surface and 
prevents SO4
2–
 adsorption and CuSO4 complexation.  The relatively close energy of the Cu–SO4 
stretch and the Cu–Cl stretch makes detailed examination of the spectra necessary. 
 
4.3.2 In situ SHINERS with Organic Additives 
4.3.2.1  3-Mercapto-1-Propanesulfonate 
 Figure 4.2 presents spectra obtained from a smooth Cu(poly) surface immersed in a 
solution containing 100 mM H2SO4 and 10 mM CuSO4 with either:  (A) 2 mM MPS, (B) 2 mM 
BuSO3
–
, or (C) 1.6 mM BuSH.  In Figure 4.2A, spectra obtained in the presence of MPS exhibit 
several new bands associated with the additive.  There have been few previous analyses that 
studied the MPS vibrational modes in detail.
24,62
  To make appropriate peak assignments, we 
relied on these as well as vibrational studies of alkylsulfonates,
63-65
 alkylthiols,
37,46,63,64,66-70
 
pentane,
71
 and the MPS dimer, SPS.
23,25,48
 
 Comparison with the Raman spectra for pentane provided assignment of modes involving 
the C and H atoms in the MPS backbone.  Vibrational modes from the alkane backbone 
interactions include trans and gauche C–C–C bending (bands d, e), C–C stretching (l, n, q), and 
bending and torsion modes involving C and H (j, v, x, y).
71
  Observable modes involving the 
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sulfonate moiety include SO2 rocking and bending (f, g) and C–Ssulfonate stretching (k).  Thiol-
related vibrations include gauche and trans C–Sthiol stretching (h, i). 
 
Figure 4.2.  In situ SHINER spectra during anodic staircase voltammetry (50 mV per step) in 
100 mM H2SO4 and 10 mM CuSO4 with (A) 2 mM MPS, (B) 2 mM BuSO3
–
, or (C) 1.6 mM 
BuSH. 
 
 The peak intensities for the internal MPS vibrational modes remain constant during the 
anodic steps until a potential of ca. −0.2 V is achieved.  The MPS bands then increase in 
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intensity with increasing positive potential until ca. 0 V.  They then decrease in intensity as Cu 
oxidizes and strips off the surface.  The background-corrected, normalized peak intensity of band 
q (MPS C–C stretching) as a function of potential is displayed in Figure 4.3A to represent the 
adsorption profile of MPS. 
 
Figure 4.3.  Background-corrected, normalized intensity of bands o, b/a, and q/r, during anodic 
steps in the solution containing 100 mM H2SO4 and 10 mM CuSO4 with (A) 2 mM MPS or (B) 
1.6 mM BuSH. 
 
 In addition to the modes internal to MPS, there are additional bands found that are 
assigned to modes involving SO4
2–
 association with the surface.  These are bands b, o, and u, 
which were also observed in Figure 4.1A without any MPS.  The potential dependence of these 
bands differs from the case without MPS in that they do not appear until approximately −0.15 V.  
MPS may be initially blocking the surface and preventing sulfate adsorption until sufficiently 
positive potential.  The broad, low-energy band near 285 cm
–1
 (labeled band b) may represent 
stretching between Cu and SO4
2–
, but this peak frequency could overlap with the stretching mode 
expected for a Cu–Sthiol interaction near 280 cm
–1
.
63,70,72
  Figure 4.3A compares the background-
corrected, normalized intensity of this band as a function of potential with those of band q 
(representing MPS adsorption) and band o (representing SO4
2–
 adsorption).  Because the 
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potential dependence of band b correlates very well with both of the two adsorbates, it is not 
clear from these data whether band b is in fact sulfate- or thiol-related.  In the SHINERS 
spectrum of 2 mM MPS in water, there are no observable bands in this region that could be 
assigned to Cu–S stretching.  The intensity of the Cu–S stretch may be too weak to be observed 
under these conditions. 
 
4.3.2.2  1-Butanesulfonate and 1-Butanethiol 
 To verify that MPS adsorbs through the thiol rather than the sulfonate functional group, 
BuSO3
– 
and BuSH were tested individually as MPS analogues.  Figure 4.2B shows the 
corresponding spectra for the BuSO3
–
 additive.  In Figure 4.2B, three peaks at approximately 
285, 966, and 1215 cm
–1
 match the same three sulfate-related peaks seen in Figure 4.1A for the 
solution with no organic additive.  This similarity and the lack of any new alkane-related 
vibrations suggest that there is no significant interaction between the Cu surface and the 
sulfonate functional group.  Previous work has shown that it is possible to electrochemically 
adsorb sulfonate-containing molecules onto Au to create adsorbed monolayers.
73,74
  However, 
the interactions of aryl and alkylsulfonates with metal substrates is very weak.
75,76
  This permits 
rapid displacement of the sulfonate species by more strongly adsorbing anions.  From Figure 
4.2B, it is clear that SO4
2– 
is preferentially adsorbed over BuSO3
–
. 
 Figure 4.2C presents the in situ SHINER spectra for the BuSH additive.  These spectra 
are very similar to those obtained from MPS in Figure 4.2A, possessing gauche and trans C–C–
C bending (bands d, e), C–C stretching (m, n, q, r, s), and gauche and trans C–Sthiol stretching (h, 
i).  Not surprisingly, the sulfonate bands observed in MPS for SO2 rocking, SO2 bending, and C–
Ssulfonate stretching are absent in these spectra.  The correspondence between the BuSH and MPS 
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spectra suggests that the two molecules associate to the Cu surface in the same way.  Therefore, 
it is most likely that MPS adsorbs to the Cu surface through the thiol, as has been previously 
proposed.
14
  However, the Cu–S stretch at ca. 283 cm–1 is indistinguishable from the Cu–sulfate 
stretching mode at the same frequency. 
 Figure 4.3B compares the background-corrected, normalized, potential-dependent 
intensity of band r (BuSH C–C stretching) with band o (SO4
2–
 stretching) and the low-frequency 
peak at ca. 283 cm
–1
.  This figure illustrates the more gradual increase in the intensity of internal 
BuSH vibrations.  For these, intensity rises until reaching a maximum at approximately 0 V 
when Cu oxidation and dissolution begin.  Also notable is a marked change in the intensity 
profile for band o, which signifies the presence of SO4
2– 
on the surface.  In contrast to the 
solution with MPS, this peak immediately rises in intensity with increasing potential.  Beyond 
the maximum at ca. −0.25 V, this band begins to diminish even as bands for BuSH continue 
growing.  This SO4
2–
 behavior is similar to that observed in the solution with no organic additive 
(see Figure 4.1A).  The presence of MPS might inhibit the adsorption of SO4
2–
 through 
electrostatic repulsion by the R-SO3
–
 group.  The intensity of the low-frequency band also 
plotted in Figure 4.3B matches far more closely with that of the BuSH C–C stretch, rather that 
the SO4
2–
 stretch.  This may indicate that this band is better attributed to the stretching mode of 
Cu–Sthiol than Cu–SO4, and we therefore tentatively assign it independently as band a. 
 
4.3.3 In situ SHINERS with Organic Additives and Cl
-
 
 To ascertain the effect of adsorbed Cl
–
 on the mode of surface association of the 
molecules examined here, we obtained SHINERS in the presence of Cl
–
.  Figure 4.4 shows the 
SHINER spectra obtained from a solution containing 100 mM H2SO, 10 mM CuSO4, and 2 mM 
100 
Cl
–
 with (A) 2 mM MPS, (B) 2 mM BuSO3
–
, or (C) 1.6 mM BuSH.  Figure 4.4A shows that the 
combination of Cl
–
 with MPS results in spectra that are very similar to that of MPS alone.  The 
modes internal to the MPS molecule are present at frequencies similar to those obtained in the 
absence of Cl
–
.  However, there are also some changes in the presence of Cl
–
. 
 
Figure 4.4.  In situ SHINER spectra during anodic staircase voltammetry (50 mV per step) in 
100 mM H2SO4, 10 mM CuSO4, and 2 mM Cl
–
 with (A) 2 mM MPS, (B) 2 mM BuSO3
–
, or (C) 
1.6 mM BuSH. 
 
 The first significant change is the growth of an intense band near ca. 275 cm
–1
, which 
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could represent a weakening of the Cu–Cl stretch from its initial value of ca. 294 cm–1 without 
organic additive (see Figure 4.1B).  However, the energy of this band is also similar to that 
expected for Cu–Sthiol stretching (ca. 280 cm
–1
).
63,70,72
  When the same experiment is performed 
with Br
– 
(99.99+% HBr, Sigma-Aldrich) instead of Cl
–
, this band near 275 cm
–1
 is no longer 
present.  Figure 4.5 compares the spectra of MPS combined with either Br
–
 or Cl
–
.  With Br
–
 as 
the additive, the loss of the low-energy peak c and the presence of the shoulder near 200 cm
-1 77,78 
strongly suggests that Cu–Cl stretching, and not Cu–Sthiol, is responsible for the peak at 275 cm
–1
 
in Figure 4.4A. 
 
Figure 4.5.  In situ SHINER spectra in 100 mM H2SO4, 10 mM CuSO4, and 2 mM MPS with 
either 2 mM Cl
–
 or 4 mM Br
–
. 
 
 The second key difference from the MPS spectrum without Cl
– 
is that the symmetric 
SO4
2– 
stretching mode (band o) is absent in the presence of Cl
–
.  This suggests that the Cl
–
 anion 
is preferentially adsorbed over SO4
2–
, which is consistent with the displacement of SO4
2–
 by Cl
–
that was observed without any organic additive (Figure 4.1B).  The potential dependence of the 
MPS vibrations is also somewhat different in the presence of Cl
–
.  Whereas the intensity of MPS 
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alone rises and falls with increasing anodic potential, Cl
–
 causes only peak growth with potential 
and relatively higher peak intensity overall.  This enhanced stability with potential may represent 
ordered adlayers of coadsorbed MPS and Cl
–
 that have been previously observed for Cu(100) 
surfaces.
26,79
 
 In Figure 4.4B, the spectra for BuSO3
–
 with Cl
–
 match the corresponding data for Cl
–
alone without any organic additive (see Figure 4.1B). The presence of BuSO3
– 
in solution results 
in no new vibrational bands, and the Cu–Cl stretching mode is present at approximately the same 
frequencies as it was in Figure 4.1B (∼294 cm–1) with a similar Stark shift of 25 cm–1/V.  In this 
case, the Cu electrode surface is interacting with the Cl
–
 alone, indicating the absence of 
significant surface–sulfonate interactions and the preference for adsorption of Cl– over SO4
2–
. 
 Figure 4.4C displays the SHINERS data for the combination of Cl
–
 with BuSH.  In 
general, the peaks corresponding to BuSH internal vibrations are observed at energies similar to 
those in the absence of Cl
–
.  However, there are some notable differences between the BuSH 
spectra with and without Cl
–
.  First, as was observed in combination of MPS with Cl
–
, there is 
again a shift in the Cu–Cl stretching frequency down to approximately 271 cm–1.  Additionally, 
the BuSH internal vibrations in the presence of Cl
–
 display both higher relative intensities and 
less sensitivity to changes in potential than they did in the absence of the halide.  The 
insensitivity to potential suggests that Cl
–
 is enhancing the ordered-adsorption of the thiol and 
increasing its surface concentration.
26,79
 
 Cl
–
 enhancement of thiol surface adsorption has been previously observed on Au 
nanoparticles and Au(111) surfaces.
29,80
  It has been proposed that the presence of Cl
– 
promotes a 
more positively charged metal surface, which enables easier thiol oxidation and greater 
electrostatic attractions between the surface and the thiolate.  The halide may also be decreasing 
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adsorbate–adsorbate or adsorbate–electrolyte interactions, which would enhance surface 
adsorption. 
 Figure 4.6 compares the potential dependence of the Cu–Cl stretching frequency for the 
three additives in the 100 mM H2SO4, 10 mM CuSO4, and 2 mM Cl
–
 solution.   This figure 
demonstrates that a large redshift in the Cu–Cl stretching frequency occurs in the presence of 
thiol-containing additives.  Additionally, there is no consistent Stark vibrational shift for the Cu–
Cl stretch in the presence of thiols. 
 
Figure 4.6.  Average Raman shift energy for the Cu–Cl stretching vibration (peak c) during 
anodic staircase voltammetry (50 mV per step) in 100 mM H2SO4, 10 mM CuSO4, and 2 mM  
Cl
-
. 
 
4.3.4 Calculations of Cu-Cl Stretching Behavior 
 To investigate the influence of adsorbed MPS on the Cu–Cl stretching mode, theoretical 
calculations were performed on a Cu(100) model using a local density approximation (LDA).  
The surface slab consists of a four-layer 4 × 4 super cell with a c(2 × 2)-Cl overlayer structure, as 
shown in Figure 4.7 (left panel).  To prevent unwanted interactions of the 3D periodic slab in the 
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lateral (z) direction, a vacuum layer of 20 Å was added.  All calculations have been performed at 
a total charge of zero under the assumption that the excess electrons are supplied by the Cu 
surface.  Harmonic frequencies were obtained using a finite difference method with an increment 
of 0.01 Bohr.  It should be noted that the CP2K code does not allow IR intensity calculations 
under conditions where electronic smearing is used.  Therefore, all intensities have been set to 1 
and subsequently convoluted using a Gaussian function with a width of 20 cm
–1
.  To see the 
contribution of specific atoms to the total absorption spectrum, we developed a script which 
filters out normal modes for which the corresponding eigenvector does not contain motion of the 
selected atoms above a given threshold. 
 
Figure 4.7.  Cu(100) surface slab.  Left:  c(2 × 2)-Cl overlayer structure.  Middle:  same as left 
with one Cl replaced by MPS.  Right:  Same as left with four Cl replaced by MPS. 
 
 Figure 4.8A compares the Cu–Cl distance on the theoretical Cu(100) surface using 
additive models containing:  8 Cl
–
 ions (red), 7 Cl
–
 ions and 1 MPS molecule (blue), or 4 Cl
–
 ions 
and 4 MPS molecules (green) as depicted in Figure 4.7.  Figure 4.8B demonstrates the calculated 
vibrational spectra for the 3 models with the Cu–Cl stretching modes highlighted.  Both figures 
demonstrate a weakening of the Cu–Cl stretch with decreasing Cl–:MPS ratio.  In Figure 4.8A, 
the Cu–Cl bond length increases from approximately 2.38 to 2.45 Å, values which are consistent 
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with previous ultrahigh vacuum X-ray studies.
81-83
  Figure 4.8B shows decreasing vibrational 
frequency from approximately 260 cm
–1
 to 230 cm
–1
.  This trend is consistent with the observed 
Raman spectra.  The deviations in the absolute values are probably due to anharmonic features of 
the potential energy surface which are not captured within our harmonic approximation. 
 
Figure 4.8.  Local density approximation calculations of Cu(100) with a Cl
–
:MPS ratio of 8:0, 
7:1, and 1:1.  Panel A reports the calculated Cu–Cl bond length, and panel B reports the 
calculated Cu–Cl vibration frequencies. 
 
 These studies indicate that both MPS and BuSH adsorb primarily through the thiolate 
functional group, rather than the sulfonate, and that this adsorption slightly decreases the 
interaction between Cu and coadsorbed Cl
– 
in a similar fashion for both additives.  This 
conclusion is supported by a charge analysis of the Cu and Cl
–
 species.  In the case without MPS, 
we find partial charges of +0.12 e
– for Cu and −0.15 e– for the Cl–.  Addition of MPS leads to a 
charge transfer from the thiol to the Cu.  This charge transfer results in a partial charge of +0.03 
e
–
 and −0.07 e– for the Cu and Cl, respectively, in the vicinity of the thiol group yielding a less 
polarized (i.e., weaker) Cu–Cl bond. 
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4.3.5 Cyclic Voltammetry 
 Both MPS and BuSH adsorb onto Cu through the thiol moiety.  However, the presence of 
the sulfonate moiety in MPS significantly increases the rate of electrochemical Cu deposition.  
The enhanced electroplating observed with MPS could stem from a greater permeability of Cu
2+
 
ions through the additive monolayer.  The sulfonate group of MPS might produce a layer that is 
less densely packed and/or more hydrophilic than that made with BuSH.  To assess differences in 
monolayer permeability, cyclic voltammetry of the Ru
3+
/Ru
2+
 redox couple in Ru(NH3)6
3+/2+
 was 
recorded at the Cu electrode in the presence of each additive. 
 Figure 4.9 shows cyclic voltammograms obtained from a solution containing 100 mM 
H2SO4, 2 mM HCl, and 1 mM [Ru(NH3)6]
3+
 with no additive (black), with 2 mM MPS (red), and 
with 2 mM BuSH (blue). 
 
Figure 4.9.  Cyclic voltammetry on Cu(poly) of organic additives in 100 mM H2SO4 and 2 mM 
HCl with 1 mM [Ru(NH3)6]Cl3. 
 
 In the absence of MPS (black), the reversible oxidation and reduction waves of Ru are 
clearly visible.  The presence of MPS (red) has no effect on the behavior of these peaks, 
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confirming that an adsorbed adlayer of MPS is permeable to the cationic complex.
84
  At the most 
negative potential, the MPS voltammogram displays capacitive current that is greater than the 
that of others, presumably because it has some involvement with Ru reactions that occur at lower 
potentials.  The presence of BuSH also has no effect on the Ru redox couple, although it does 
somewhat inhibit Cu stripping at the most positive potentials. 
 The ease with which the Ru complex could be electrochemically activated in all cases 
suggests that neither of the additives form a densely packed, impenetrable monolayer under these 
conditions.  Therefore, it is likely that the greater accelerating ability of MPS over BuSH lies in 
the interactions between Cu ions and the sulfonate group, rather than by surface blocking 
afforded by the putative presence of a dense, hydrophobic BuSH monolayer.  High surface 
packing by BuSH is already likely to be constrained because of the competitive adsorption of Cl
–
 
observed in the Raman spectra (see Figure 4.4C). 
 Coordination between Cu ions and sulfonate has been previously observed under 
atmospheric conditions, forming a Cu
2+
-SPS polymer.
48
  Moreover, 3,3-thiobis(1-
propanesulfonate) (TBPS), which contains a thioether rather than a thiol or disulfide, has been 
found to be an effective Cu deposition catalyst.
85
  The proposed mechanism for its acceleration 
relies on the trapping of Cu
2+
 ions by the sulfonate, which effectively dehydrates the ion and 
makes it susceptible to inner sphere electron transfer from adsorbed chloride when brought near 
the electrode surface.
22
  Our SHINERS data corroborate this mechanism, supporting the 
necessity of both functional groups.  BuSO3
–
 lacks sufficient surface adsorption to tether the 
Cu
2+
 with surface chloride, and BuSH lacks an anionic terminus with which the Cu
2+
 ion could 
be stabilized. 
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4.4 Conclusions 
 In this work, we present a spectroscopic, theoretical, and voltammetric investigation into 
the accelerating properties of MPS for Cu electrodeposition and its interaction with Cl
–
.  
Through SHINERS, it has been demonstrated that the thiol functional group is responsible for 
the adsorption of MPS to the Cu electrode and that the sulfonate group has no significant surface 
adsorption.  MPS and Cl
–
 are observed to coadsorb to the Cu electrode surface, suggesting a 
mechanism of acceleration in which both species cooperate near the surface.  DFT calculations 
demonstrate that charge transfer from the thiol to the electrode promotes depolarization of the 
Cu–Cl bond, in agreement with the observed redshift in Cu–Cl vibration frequency in the 
presence of MPS.  Finally, cyclic voltammetry examined whether the poor Cu plating 
performance of BuSH could be attributed to a poorly permeable hydrophobic layer.  On the 
contrary, adsorbed BuSH under these conditions demonstrated no inhibition toward Ru redox 
activity.  This observation implies that acceleration of Cu plating requires direct involvement of 
the sulfonate group, which will be the subject of a future publication. 
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Chapter 5 
 
Chain Length Variation to Probe the Mechanism of Accelerator Additives in Copper 
Electrodeposition 
 
Adapted with permission from Schmitt, K. G.; Schmidt, R.; Gaida, J.; Gewirth, A. A.  Chain 
Length Variation to Probe the Mechanism of Accelerator Additives in Copper Electrodeposition.   
In preparation 2016. 
 
Collaborators Ralf Schmidt and Josef Gaida contributed the data presented in:  Chart 5.1, Figures 
5.1-5.5, Table 5.1, Scheme 5.1, and Figure 5.9. 
 
5.1 Introduction 
 Cu electroplating is a field with great industrial importance, as it constitutes one of the 
key steps in the fabrication of microelectronic devices.
1,2
  Such devices include printed circuit 
boards (PCBs), interconnected (IC) substrates, and microchips.  Current interconnect 
architectures range from nanometer scale for the Dual Damascene process
3,4
 for logic devices, to 
micrometer scale for Through-Silicon Via (TSV)
5,6
 technology and Cu pillars for advanced 
packaging,
7
 as well as trenches, blind micro vias (BMVs), and through-holes in PCBs.
8,9
  For 
defect-free filling of such features, a set of organic additives containing a suppressor, a leveler, 
and an accelerator as well as chloride is needed during the copper deposition process.  Most 
commonly, polyethylene glycol (PEG) as well as polypropylene glycol (PPG) or copolymers 
thereof are used as suppressors,
3,4,10-15
 while typical levelers include Janus Green B (JGB)
4
 or 
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polyethylene imine (PEI).
16
  Usually, sodium 3,3’-disulfanediylbis(propane-1-sulfonate) (also 
known as the disodium salt of bis-(3-sulfopropyl)-disulfide, or SPS), is employed as the 
accelerator.
4,10,11,15
 
 SPS decomposes on the Cu surface to its monomeric form, 3-mercaptopropane-1-sulfonic 
acid (MPS).
17-19
  Acceleration of Cu deposition in the presence of MPS is ascribed to two chief 
influences.  First, MPS acts as an anti-suppressor via displacement of the suppressor on the Cu 
surface.
20,15,21
  Second, MPS provides minor acceleration of the Cu reduction.
18,22-24
  In order to 
be able to accelerate Cu deposition, both the thiol and the sulfonate functional group are 
necessary.
10,25
  The accelerator is proposed to help to transfer Cu ions from the solution to the 
surface.
25
  However, there is as yet no evidence for this mechanism and the details are not yet 
fully understood.  In particular, there is so far no direct correlation between deposition kinetics 
and the molecular structure of the additive.  The superiority of SPS relative to other additives 
with modest changes, such as an increase or decrease in alkyl chain length, also remains unclear.  
Understanding of the mechanism of the accelerator should help more generally in understanding 
metal electrodeposition, the utility of which ranges from microelectronics, to fabrication, to 
batteries.
3,26,27
 
Recently, a novel mechanism for metal deposition was proposed involving ion migration 
of the metal cation, which carries the charge across the interface rather than electron transfer.
28-30
  
Although there is no direct proof for this mechanism, theoretical results indicated its validity.
31
  
This metal deposition mechanism supported by Gileadi proposes a multi-step pathway involving 
the metal ion and its solvation shell.
28
  First, applied overpotential induces migration of a 
hydrated metal cation through the double layer.  Upon nearing the electrode surface, interaction 
between the ion and the surface lowers the effective cationic charge.  The hydration energy of 
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the solvated cation is correspondingly lowered as the ionic charge is incrementally reduced, 
allowing for step-by-step dehydration of the solvent shell.  The overall removal of the hydration 
sphere occurs in a series of sequential steps, each of which has a relatively low Gibbs energy of 
activation.  Therefore, the deposition rate is fast (comparable to outer-sphere electron transfer 
reactions)
28
 despite a large energy of hydration overall. 
 This electrodeposition mechanism is further supported by calculations presented by 
Schmickler, et al.
31
  According to these calculations, small univalent cations can approach very 
closely to the electrode surface without a significant loss in solvation energy.  At very small 
distances, the large electronic interactions between the cation and the metal electrode enable 
rapid removal of the solvation shell.  A series of one-electron steps was suggested for deposition 
of multivalent ions, owing to large solvent reorganization energies for multi-electron 
reductions.
31-32
  Deposition onto the electrode surface does not occur until the last step of the 
reduction.  
 Cu deposition from Cu
2+
 ions is generally accepted to occur via a Cu
+
 intermediate.
4,33-36  
This implies that Cu deposition should be a combination of ion transport towards the surface and 
an inner sphere reduction of a Cu
+
 complex close to the surface.  Ideal plating accelerators 
should then contribute both to increased shuttling of Cu
2+
 to the surface and to greater reduction 
of its solvation energy.
 
 In this work, we present a combination of electrochemical measurements and shell-
isolated, nanoparticle-enhanced Raman spectroscopy (SHINERS) to examine the validity of this 
mechanism for Cu electrodeposition.  The electrochemical method to measure the intermediate 
species, Cu
+
,
36
 is now extended to a series of accelerator additives.  Moreover, the present work 
uses this data to derive reduction kinetics for these additives.  The use of SHINERS to probe 
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accelerators on the surface was also previously described,
37
 and is extended here to include a 
series of accelerators.  The combination of spectroscopic and electrochemical results for the 
additive series provides a correlation between deposition rate kinetics and chemical structure. 
 
5.2 Experimental Details  
5.2.1 Electrochemical Measurements 
 Linear sweep voltammetry (LSV) experiments were performed on an Autolab 
potentiostat/galvanostat (Metrohm, PGSTAT 302N) in combination with a RDE setup using a Pt 
disc as working electrode (d = 0.3 cm).  The counter electrode consisting of a Pt wire was 
separated from the main electrochemical cell by a ceramic frit.  Hg/Hg2SO4/sat. K2SO4 (650 mV 
vs standard hydrogen electrode (SHE)) served as reference electrode.  Electrolytes under 
investigation were thoroughly degassed with Ar for 2 h and the virgin make-up solution (VMS) 
contained 0.157 M Cu
2+
 ions (10 g/L, prepared from CuSO4·5H2O, 99.8%, Merck) as well as 50 
g/L H2SO4 (0.510 M, 95–97%, Merck).  During the experiments, the cell was kept at 298 K and 
under an atmosphere of Ar.  Prior to each experiment, the Pt working electrode was pre-plated 
with copper at 1000 rpm and a current density of i = -10 mA/cm
2
 was applied for 900 s. 
Subsequently, the system was stirred for 600 s at 1000 rpm.  After determination of the open 
circuit potential (OCP) for 120 s, LSV scans were performed starting from OCP + 2 mV to more 
cathodic potentials at a scan rate of 0.1 mV/s.  At potentials more negative than OCP-50 mV, the 
scan rate was increased to 1 mV/s.  All spectra were corrected for ohmic resistance of the 
electrolyte.
38
 
 Chloride was considered as an additive and 50 ppm (1.43 mM) (added as HCl, 37%, 
Merck) were added to the chloride-free VMS when needed.  For better comparison, other 
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accelerator species were added in equimolar amounts to chloride. Note that these accelerator 
concentrations are much higher than those usually used in industrial electrolytes.  Disulfide-
bridged dimers were used at half the concentration of chloride to match the final concentration of 
the monomers that were formed from these molecules in the electrolyte.  The dimers studied here 
include analogues of SPS with different carbon-backbone chain lengths and are represented 
schematically in Chart 1.  Sodium 2,2’-disulfanediylbis(ethane-1-sulfonate) (SES) and sodium 
4,4’-disulfanediylbis(butane-1-sulfonate) (SBS) with two and four methylene groups as spacer 
units between the thiol and the sulfonate, respectively, were used.  SPS (Atotech), SBS 
(Atotech), and 1-propanesulfonic acid (PSA, added as sodium 1-propanesulfonate monohydrate, 
99%, Sigma-Aldrich) were used without further purification.  SES was synthesized according to 
literature procedures.
39
 
 
Chart 5.1.  Chemical structures of (A) sodium 2,2’-disulfanediylbis(ethane-1-sulfonate) (SES), 
(B) sodium 3,3’-disulfanediylbis(propane-1-sulfonate) (SPS), and (C) sodium 4,4’-
disulfanediylbis(butane-1-sulfonate) (SBS). 
 
5.2.2 In situ SHINERS Measurements 
 In situ spectroelectrochemical analysis was performed based on methods previously 
described.
37
  Electrolyte solutions were composed of 100 mM H2SO4 (Ultrex II ultrapure 
reagent, J. T. Baker) and 10 mM CuSO4 (99.999% trace metals basis, Sigma-Aldrich) in 18.2 
MΩ·cm Milli-Q water (Millipore).  Analysis solutions were made from this electrolyte solution 
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both with and without 2 mM HCl (Ultrex II ultrapure reagent, J. T. Baker) and with the addition 
of the following accelerating agents:  1 mM SES (99%, AK Scientific), 1 mM SPS (Atotech), or 
1 mM SBS (Atotech).  Each solution was purged with Ar gas for at least 30 min. before use, and 
kept under Ar atmosphere during analysis. 
 Cyclic and staircase voltammetry was performed using a CHI760 potentiostat (CH 
Instruments) in a glass/Kel-F spectroelectrochemical cell.
40
  The working electrode consisted of 
a polycrystalline Cu disk (9.7 mm diameter) that had been manually and electrochemically 
polished according to previous procedures.
37,41
  The counter electrode was Cu wire, and the 
reference electrode was a “no leak” Ag/AgCl electrode (3.4 M KCl, eDAQ).  The potential of the 
Ag/AgCl reference was tested against a newly prepared normal hydrogen electrode (NHE) 
before each SHINERS experiment.  All potentials in the spectroscopic work are reported with 
respect to NHE. 
 Synthesis, characterization, and application of the shell-isolated nanoparticles was 
performed according to previous procedures.
37,42-46
  Briefly, Au nanosphere cores of 
approximately 35-45 nm with a 2-3 nm dense SiO2 shell were synthesized and then characterized 
by transmission electron microscopy.
42
  Cyclic voltammetry of the Au@SiO2 nanospheres 
deposited on a glassy carbon electrode in 0.5 M H2SO4 confirmed that the shells were pinhole-
free.
46
  Approx. 50 μL of the synthesized Au@SiO2 nanospheres were deposited onto the 
polished working electrode and dried with Ar.  After SHIN deposition, the working electrode 
was rinsed with water to remove excess material before insertion into the spectroelectrochemical 
cell assembly.   
 In situ spectroscopic data was acquired simultaneously during staircase voltammetry.  A 
Raman spectrometer
47
 was used with a 632.8 nm He-Ne laser (Meredith Instruments).  For each 
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50 mV potential step applied, the potential was held for 30 s and an accumulated spectrum was 
collected from thirty individual acquisitions of 1 s each.  For clarity, the spectra presented in this 
paper are shown only at 100 mV intervals.  A 50 μm slit width was used, providing estimated 
spectral resolution of approximately 6-7 cm
-1
. 
 
5.3 Results 
5.3.1 Electrochemical Measurements 
 We first describe the effect of the different additives on the bulk Cu
+
 concentration.  
During Cu electrodeposition from Cu
2+
 electrolytes, a Cu
+
 intermediate is formed.
33,34
  In 
addition, Cu
+
 is formed via an equilibrium process with Cu
2+
 and metallic Cu.
4,48
  We recently 
developed a method for determination of the Cu
+
 bulk concentration.
36
  [Cu
+
] was calculated 
from the slope of a Levich plot employing the Cu
+
 diffusion-limited currents obtained from 
carefully performed LSV experiments.
36
  Diffusion-limited currents iL at different rotational 
speeds were determined from plateaus of the LSV curves at low overpotentials by extracting the 
current at the respective inflection points.  The latter were obtained by calculating the first 
derivative and recording the corresponding potentials of the minima.  This experimental 
procedure was extended here to study the interaction of a series of additives with cuprous ions.  
The example depicted in Figure 5.1 represents an electrolyte consisting of VMS with chloride 
and SPS.  Figure 5.1A shows LSV obtained at different rotation rates from a solution containing 
VMS + 50 ppm Cl
-
.  The figure shows that as the rotation rate increases, the cathodic current also 
increases at overpotentials between 0 and -15 mV.  Fig. 5.1B shows a Levich plot obtained using 
diffusion limited currents taken at  ≈ 10 mV.  The slope of the linear fit is utilized to obtain Cu+ 
concentrations from the Levich equation
49
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        (5.1) 
where iL is the diffusion limited current in amperes, n = 1 transferred electron, F is the Faraday 
constant in C/mol, A = 0.07 cm
2
 of geometric surface area, the diffusion coefficient D = 1.38 x 
10
-5
 cm
2
/s,
50
 ω is the angular rotation rate in rotations per minute (rpm), the kinematic viscosity 
of the electrolyte ν = 7.41 x 10-3 cm2/s,50 and C is the concentration of Cu+ ions in mol/cm3.  
Given iL, and the other terms in Eq. 5.1, C is calculated.  
 
Figure 5.1.  (A) Experimental LSV data for VMS with chloride and SPS in the region of low 
overpotential at different rotational speeds.  (B) Levich plot of the diffusion-limited currents for 
Cu
+
 obtained from the plateaus of (A) (black squares) and the corresponding linear fit (dashed 
line). 
 
 A summary of [Cu
+
] obtained in the presence of different additives is given in Figure 5.2.  
The lowest Cu
+
 concentrations are observed with VMS alone.  In comparison to the sulfate-
based VMS, chloride helps to stabilize Cu
+
.  Thiol-containing molecules, such as the 
decomposition product of SPS, MPS, also increase the Cu
+
 concentration.  This effect is 
consistent with literature reports ascribing Cu
+
 stabilization to the formation of Cu
+
-thiolate 
complexes, to which the acceleration of Cu deposition has been attributed.
4,51,52
  On the other 
𝑖𝐿 =  0.201 𝑛𝐹𝐴𝐷
2
3𝜔
1
2𝜈
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hand, addition of sulfonates (PSA) to VMS with chloride produced almost the same [Cu
+
] value 
within error as the chloride-containing VMS alone.  This implies that the stabilization of Cu
+
 
with sulfonates is equal to or lower than that of sulfate.  Consequently, increases in Cu
+
 
concentration in the presence of SPS are associated with Cu
+
 interaction with the thiol moiety.  
We note however, that at the Cu electrode surface, the thiol group is responsible for binding of 
the molecule to the Cu surface and thus the exact mechanism of Cu
+
 stabilization may be 
different from what is found in bulk solution.
11,17,18,37
 
 
Figure 5.2.  Cu
+
 concentrations obtained from Levich plots in VMS and upon addition of 
chloride and different accelerator additives.  Error bars indicate standard deviations of at least 
two measurements for each system. 
 
 In addition to enhancing the thermodynamic stability of Cu
+
 ions in the bulk solution, 
adsorbed accelerator additives on the surface may also affect the kinetics of Cu 
electrodeposition.  The influence on the Cu electrodeposition kinetics was obtained by fitting the 
Butler-Volmer equation to the same experimental data that was used for determination of the Cu
+
 
concentration.  The measured current, i, is given by the general Butler-Volmer equation for this 
two-electron reduction process: 
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    (5.2) 
where i0,2 and i0,1 denote the exchange current density for the reduction of Cu
2+
 to Cu
+
 and Cu
+
 to 
Cu, respectively, αc,2 and αc,1 are the corresponding transfer coefficients, η2 and η1 are the 
corresponding reduction overpotentials, F is Faraday’s constant, R is the gas constant in J mol-1 
K
-1
, T is the temperature in Kelvin, and iL,2 is the Cu
2+
 limiting current density.  The 
experimental data was fit to this equation to determine the exchange current density for the 
reduction of Cu
2+
 to Cu
+
 (i0,2).  The Cu
2+
 to Cu
+
 overpotential (η2) was obtained by subtracting 
the overpotential at which the Cu
+
 limiting current was observed from the overall overpotential 
(approximately -10 mV for VMS with chloride and SPS (see Fig. 5.1A).  Note that a correction 
for the diffusion limit was applied for the Cu
2+
 to Cu
+
 reduction in order to reproduce the 
experiment at high overpotentials, while no such correction was used for Cu
+
 to metallic Cu 
since Cu
+
 is constantly produced during the overall reduction.   
 To determine the exchange current density for the reduction of Cu
+
 to metallic Cu (i0,1), 
the data were fit to a Taylor series expansion of the Butler-Volmer equation discontinued after 
the first term in the region of very low overpotentials ( < 2 mV) 
          (5.3) 
where i0,1 denotes the exchange current density for the Cu
+
 to Cu reduction, n is the number of 
transferred electrons (n = 1), η1 the overpotential, R is the gas constant in J mol
-1
 K
-1
, and T is the 
temperature in Kelvin.  Neglect of the higher order terms found in Eq. (5.2) implies that the 
apparent transfer coefficient for Cu
+
 reduction, αc,1, equals zero.  αc,1 in Eq. (5.2) was therefore 
set equal to zero. 
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 The fit to the experimental data for VMS with chloride and SPS using the simplified 
Butler-Volmer equation of Eq. (5.3) is shown in Figure 5.3A.  In order to avoid issues arising 
from the diffusion-limit of the Cu
+
 species, Eq. (5.3) was fitted only up to potentials 
corresponding to approximately half of the diffusion-limited current.  The reduction of Cu
+
 to 
metallic Cu is assumed to obey an inner sphere mechanism.  Although the development of theory 
for this kind of mechanism is in initial stages, such reactions may also result in Butler-Volmer 
type equations with an apparent charge transfer coefficient, αc.
28,30
  αc values are predicted to be 
in the order of 0 ≤ αc ≤ 0.3 for inner sphere reactions.
28
  The value of i0,1 obtained from this fit of 
Eq. (5.3) to the Cu
+
 reduction region was used in Eq. (5.2) to reduce the number of its parameters 
and to increase the reliability of its fit.   
 
Figure 5.3.  (A) Experimental LSV data for VMS with chloride and SPS (solid line) and 
corresponding fit with equation (5.3) (dashed line).  (B) Experimental LSV data for VMS with 
chloride and SPS (solid line) and corresponding fit with equation (5.2) (dashed line).  The 
different overpotentials η1 and η2 were obtained as described in the main text.  The potential 
region used for the fit is marked with perpendicular short, dashed lines. 
 
 Figure 5.3B depicts the experimental curves for VMS with chloride and SPS as well as 
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the corresponding fit using the full Butler-Volmer Eq. (5.2).  Reduction of Cu
2+
 to Cu
+
 will be 
discussed in terms of an ion transport rather than an electron transfer mechanism.  While for 
electron transfer reactions αc values around 0.5 are usually expected, significant deviations from 
this value may be obtained in the case of ion transport.
30
  Ion migration reactions are determined 
by solvent reorganization and surface coverage.
30
  Therefore, i0,2 and αc,2 should depend, 
amongst others, on the rotational speed.  A minor dependence on the rotational speed was indeed 
found for the different systems (not shown).  Hence, the values at 800 rpm are given for 
comparison of various additives.  The reduction of Cu
+
 to metallic Cu also exhibited weak 
dependence on the rotation speed, indicating that the two partial reactions cannot be clearly 
separated during the overall reduction.  A gradual reduction of multivalent ions, during which the 
solvent shell was removed in many small steps which each require only a small Gibbs energy of 
activation, was recently discussed in the literature.
28 
 Figure 5.4 shows a comparison of the exchange current densities of the two consecutive 
reduction steps for each additive combination.  The addition of chloride to VMS strongly 
increases the exchange current density for the reduction of Cu
+
 to Cu (i0,1) while the exchange 
current density for the reduction of Cu
2+
 to Cu
+
 (i0,2) was decreased in comparison to chloride-
free VMS.  In accordance with literature,
11,53
 the addition of SPS to VMS without chloride 
resulted in slight inhibition and a decrease of i0 for both reduction steps.  However, in the 
presence of both chloride and SPS, i0,1 and i0,2 were increased significantly compared to VMS.  
Notably, i0,1 was much higher than that found in VMS and was equivalent to that found in the 
chloride-only electrolyte.  For comparison, we examined PSA which may be considered a MPS 
derivative without a thiol group.  The addition of PSA to chloride-containing VMS showed no 
significant effect on the deposition kinetics relative to VMS + Cl
-
.  This observation further 
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supports the idea that the thiol group is responsible for binding of the accelerator to the 
surface.
28,37,30
   
 
Figure 5.4.  Exchange current densities for reduction of Cu
+
 to metallic Cu (i0,1) and reduction of 
Cu
2+
 to Cu
+
 (i0,2) obtained by fitting equations (5.2) and (5.3) to experimental data for VMS and 
upon addition of chloride and different accelerator additives.  Error bars indicate standard 
deviations of at least two measurements for each system. 
 
 Transfer coefficients for the reduction of Cu
2+
 to Cu
+
, αc,2, may be interpreted as the 
factor that scales the energy barrier for the reaction.  Chloride was found to increase αc,2 in 
comparison to the chloride-free VMS (Table 5.1).  Addition of SPS to the chloride-containing 
system resulted in a small decrease of αc,2.  αc,2 for the combination of chloride and PSA yielded 
almost exactly the same value as the system without PSA, showing that the sulfonate alone does 
not affect deposition kinetics. 
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Table 5.1.  Apparent transfer coefficients and exchange current densities for the reduction of 
Cu
2+
 to Cu
+
 (αc,2 and i0,2) for VMS and upon addition of chloride and different accelerator 
additives, as well as the standard deviation of at least two measurements for each system. 
System αc,2 
VMS 0.42 ± 0.01 
VMS + Cl
-
 0.65 ± 0.01 
VMS + Cl
-
 + SES 0.65 ± 0.01 
VMS + Cl
-
 + SPS 0.59 ± 0.01 
VMS + Cl
-
 + SBS 0.56 ± 0.01 
VMS + Cl
-
 + PSA 0.63 ± 0.02 
 
 In order to further elucidate accelerator mechanisms during Cu deposition, we examined 
a series of SPS derivatives with different chain lengths but the same functional groups.  SES and 
SBS, with two and four methylene groups as spacer units between the thiol and the sulfonate, 
respectively, were employed to study their kinetics as well as their Raman spectra on the surface 
in comparison to SPS.  Due to their structural similarity with SPS, these derivatives are also 
suggested to decompose to their monomeric thiols on the Cu surface.  This decomposition is 
supported by the absence of a sulfur-sulfur stretch in the SHINER spectra of these compounds 
(vide infra).  
Figure 5.5 exhibits a comparison of exchange current densities as a function of the chain 
length of the accelerator.  The figure shows the importance of a certain optimum distance 
between the thiol anchor group and the sulfonate to achieve a maximum i0,2.  While for SES and 
SPS, i0,1 appears to be reporting on the presence of Cl
-
, SBS inhibits Cu
+
 reduction significantly 
in comparison to the VMS + Cl
-
 electrolyte.  The presence of SES and SPS resulted in no change 
within error for i0,1.  On the other hand, i0,2 increased in the presence of all accelerator 
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derivatives.  While SES revealed slight acceleration of Cu
2+
 reduction relative to VMS + Cl
-
, the 
strongest effect was observed for SPS.  SBS resulted in an i0,2 value in-between the other two 
derivatives.  Additionally, large differences for αc,2 were observed in the presence of the different 
accelerator derivatives (Table 5.1).  While the smallest derivative, SES, resulted in values that 
were similar to the chloride-only system, increasing chain length (SPS, SBS) caused a decrease 
of the transfer coefficient for the Cu
2+
 to Cu
+
 reduction.  Interestingly, the smallest value for αc,2 
was found for the chloride-free case, containing only sulfate. 
 
Figure 5.5.  Exchange current densities for reduction of Cu
+
 to metallic Cu (i0,1) and reduction of 
Cu
2+
 to Cu
+
 (i0,2) obtained by fitting equations (5.2) and (5.3) to experimental data for VMS with 
chloride and upon addition of various accelerator additives with different chain lengths.  Error 
bars indicate standard deviations of at least two measurements for each system. 
 
5.3.2 SHINERS Measurements 
5.3.2.1  Accelerators without Chloride  
 We next interrogate the vibrational spectroscopy of accelerator additives on a Cu 
electrode surface in order to further evaluate the correlation between the reduction kinetics and 
additive structure.  Figure 5.6 presents the SHINERS spectra acquired during the anodic sweep 
for each accelerator additive in the absence of Cl
-
.  The spectra for the corresponding cathodic 
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sweeps display essentially reversed behavior (data not shown).  Figures 5.6A, 5.6B, and 5.6C 
show the spectra for the SES, SPS, and SBS additives, respectively.  The spectra for these 
compounds are generally similar, and peak assignments for each were made on the basis of 
previous reports for SPS,
40,54
 MPS,
37,55
 SES,
56
 MES (3-mercaptoethane-1-sulfonic acid, the 
monomer unit of SES),
56-59
 alkylthiols,
37,60-64
 alkylsulfonates,
37,65
 and n-pentane.
66
  The observed 
peaks for each spectrum with their assigned vibrational modes and literature references are listed 
in full in Appendix B Table B.1.  Table 5.2 below contains a selected list of the most relevant 
peaks discussed in the text. 
 
Table 5.2.  Raman mode assignments.  ν = stretch. 
Peak 
Raman Shift (cm
-1
) 
Mode 
Assignment 
References 
SES SPS SBS 
SES 
+ Cl
-
 
SPS 
+ Cl
-
 
SBS 
+ Cl
-
 
a 290 289 294 
   
ν(Cu-SO4) 67-73 
b 
   
287 280 277 ν(Cu-Cl) 
37, 40, 68-71, 
74 
g 616 617 609 612 620 609 
gauche 
ν(C-S)thiol 
54, 59, 61-62, 
64 
i 683 677 680 693 681 679 trans ν(C-S)thiol 40, 58-62 
o 970 968 972 
  
969 ν(SO4
2-
) 
40, 54, 69, 71-
74 
q 1210 1206 1200 
   
ν(SO2) 
40, 55-56, 73, 
75-76 
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Figure 5.6.  In situ SHINER spectra during anodic polarization in 100 mM H2SO4 + 10 mM 
CuSO4 with 1 mM SES (A), SPS (B), or SBS (C). 
 
 In a typical Cu electrodeposition system, adsorption of the SPS molecule to a Cu 
substrate results in disulfide bond cleavage, forming two adsorbed MPS-Cu
+
 thiolates.
77
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presence of thiolate monomers, rather than disulfides, is supported by the absence of a disulfide 
S-S stretching mode for all three additives that would have been present near 510 cm
-1
.
40
  The 
high degree of similarity between the spectrum for SPS and previous spectra of MPS under the 
same conditions
37
 also supports the model of disulfide dissociation and monomer adsorption.  
The majority of bands observed in Fig. 5.6A, B, and C, can therefore be attributed to adsorbed 
mercaptoalkyl sulfonates. 
 Several vibrational modes are identifiable in Fig. 5.6, including:  CCS/CCC deformations 
(peak d), SO2 rocking and bending (e and f), C-Sthiol stretching in gauche (g and h) and trans (i) 
conformations, C-Ssulfonate stretching (k), C-C stretching (n and p), and CH2 rocking (j, l, and m), 
wagging (r and s), and bending (t and u) modes (references for each peak assignment are 
included in Appendix B Table B.1).  In addition, there are three modes attributed to vibrations of 
co-adsorbed sulfate:  Cu-O stretching from adsorbed sulfate (peak a), the SO4
2-
 symmetric stretch 
(o), and a sulfate stretching mode representing bidentate surface coordination (q).  As the 
potential is increased, there is a general increase in peak intensity for both the organic accelerator 
and the co-adsorbed sulfate as additional anions are attracted to the surface. 
 There are few spectral differences between samples of differing chain length.  First, 
bands d (CCC/CCS bend), f (SO2 bend), and m (CH2 rock) are not observed in the SBS sample 
with significant intensity, whereas they are present for SES and SPS.  Second, peaks l (CH2 
rock), n (gauche C-C stretch), and u (CH2 bend), are only significant for SPS, and absent or 
extremely weak in the other samples.  Finally, and most significantly, there are differences in the 
potential dependence of the C-Sthiol stretching modes in the gauche (band g) and trans (band i) 
conformations for each additive.  For SES, there is a large increase in the intensity of the gauche 
C-Sthiol stretching mode (peaks g and h) with increasing potential.  The corresponding trans 
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mode (peak i) remains relatively low.  In SPS, the intensity growth of the gauche mode is less 
dramatic, but it is still sufficient to make the gauche mode more intense than the trans vibration 
at higher potentials.  The relative increase in gauche intensity is smallest for SBS, making its C-
Sthiol trans mode more intense across the entire potential range. 
 
5.3.2.2  Accelerators with Chloride 
 Figure 5.7 shows the in situ SHINER spectra for each additive in the presence of 2 mM 
HCl.  For SES, SPS, and SBS (Fig. 5.7A, 5.7B, and 5.7C, respectively), the spectra contain 
peaks similar to those found in the absence of chloride.  However, the absence of the symmetric 
sulfate stretching band near 970 cm
-1
 and the presence of an intense Cu-Cl stretching peak near 
282 cm
-1
 (band b) indicate displacement of surface sulfate with adsorbed Cl
-
.
68-69,74
  The Cu-Cl 
stretching intensity increases with anodic potential, but its frequency is lower than typical values 
(290-300 cm
-1
)
68,70-72,74
 due to the depolarizing influence of adsorbed thiolate.
37
   
 In Fig. 5.7A, the SHINER spectra during the anodic sweep for SES with Cl
-
 exhibits a 
few differences from its spectra in the absence of chloride.  First, an additional peak (peak c) at 
371 cm
-1
 is now visible, which represents a torsion mode in the alkane backbone.  Next, the 
previously observed CH2 rocking mode (peak j) is now obscured near 725 cm
-1
.  Finally, a 
significant change is observed in the relative peak height between the gauche (peaks g and h) and 
trans (peak i) conformations from what was seen in the absence of chloride.  Here, the two peak 
heights are far more similar, with the trans conformation being slightly favored at all potentials.  
Fig. 5.7B presents the SHINER spectra for the combination of SPS with Cl
-
.  The addition of 
chloride results in increased intensity of the C-Sthiol gauche band (peak g) relative to the trans 
band (peak i) at all potentials.  Fig. 5.7C shows the corresponding spectra for the SBS + Cl
-
 
138 
combination.  Here, there is little change from the spectra in the absence of chloride except for 
the replacement of sulfate modes with the Cu-Cl stretching mode.  The trans conformation again 
remains more intense at all potentials. 
 
Figure 5.7.  In situ SHINER spectra during anodic polarization in 100 mM H2SO4 + 10 mM 
CuSO4 + 2 mM HCl with 1 mM SES (A), SPS (B), or SBS (C). 
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 Figure 5.8A compares the ratio of the baseline-corrected peak heights for the C-Sthiol 
stretching mode in the gauche and trans conformations for each sample in the absence of 
chloride.  Between -0.35 and -0.2 V, the trans conformation is observed with greater peak height 
for all three additives.  At potentials above -0.2 V, the gauche/trans ratios diverge as a function 
of potential.  SES and SPS have generally increasing gauche character with increasing potential 
up to approximately 0.2 V, beyond which the ratio begins to decrease.  SBS displays no 
significant change in gauche/trans ratio across the entire potential region.  This trend of higher 
gauche-to-trans ratios occurring in the shorter chain additives at positive potentials suggests that 
electrostatic interactions between the sulfonate and the Cu surface disrupt the more stable trans 
configuration of the alkane.  This effect is diminished at low potentials where the Cu-sulfonate 
interaction becomes repulsive.  
 
Figure 5.8.  Ratios of the baseline-corrected peak heights of the C-Sthiol stretching peaks in the 
gauche and trans conformations for SES, SPS, and SBS as a function of potential during anodic 
polarization (A) without chloride and (B) with chloride. 
 
 Figure 5.8B shows the gauche-to-trans peak height ratio for each additive in the presence 
of chloride.  For SES with chloride, there is a dramatic decrease in the amount of gauche 
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character across the potential window.  In fact, in contrast to the case without chloride, the trans 
conformation is favored at all potentials.  This behavior matches that of the SBS+Cl
-
 
combination.  In both cases with and without chloride, the gauche/trans ratio for SBS remains 
essentially independent of potential control with the trans band being most dominant.  SPS with 
chloride, however, demonstrates a much greater contribution from the gauche band than the 
other two additives.  The gauche peak height is greater than the trans across the entire potential 
range.   
 
5.4 Discussion 
 The data presented above shows that the structure and particularly the length of the alkyl 
chain for a series of sulfoalkyl disulfides strongly influences the Cu reduction kinetics during 
electrodeposition.  SPS exhibits an optimal chain length leading to the fastest overall reduction 
rate for the combined reactions of Cu
+
/Cu and Cu
2+
/Cu
+
.  SHINERS shows that these optimal 
reduction kinetics are associated with a significantly higher gauche/trans ratio relative to the 
other additives considered. 
Chloride and MPS form an ordered layer with defects on the Cu surface, which is 
terminated by the sulfonate groups of MPS.
11,17-19
  The sulfonate moiety of MPS was suggested 
to trap Cu
2+
 ions and to transfer them to the chloride.
25
  In addition, the presence of both chloride 
and MPS is necessary for efficient acceleration of Cu deposition (vide supra).
11,53
 On the other 
hand, the main reason for the energy barrier during reduction via an ion migration mechanism is 
ascribed to the ease of removing the solvation shell around the ion.
28,30,31
  While the smallest αc,2 
was observed for VMS without additives, the largest value for the series of compounds 
investigated here was found in the presence of chloride.  This indicates that the chloride-
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functionalized surface increases the energy barrier for the removal of the solvation shell, which 
might be explained by the formation of ordered chloride/water layers on the Cu surface.
18,78-80
  
Gradual decrease of αc,2 was observed upon addition of SES, SBS, and SPS.  On the other hand, 
i0,2 increased upon addition of accelerators to chloride-containing VMS in the order SES < SBS 
< SPS.  By comparing the exchange current densities with the tendency of the molecules to form 
their gauche conformation, i.e. to maintain a closer distance between the sulfonate group and the 
surface, this effect may be correlated to the ability of the adsorbed accelerator to guide the ions 
to the surface.  These results indicate that the sulfonate group of the accelerator helps to partially 
remove the solvation shell of Cu
2+
 during migration of cupric ions towards the surface until 
complex formation of the already partially reduced ion with chloride occurs close to the surface.  
 Once the ion is close enough to allow for efficient d-orbital overlap,
31
 reduction of Cu
+
 to 
metallic Cu may take place via an inner sphere reduction of the surface complex.  This step is 
greatly enhanced by chloride and slightly inhibited by thiol-containing molecules, likely due to 
surface site blocking.  Consistent with this proposed mechanism, i0,1 values were found to be 
large in the presence of chloride and slightly decreased upon addition of thiol-containing 
accelerators, especially those with long alkyl chains.  The proposed model including ion transfer, 
guidance of the ion from solution to chloride adsorbed on the surface, and finally inner sphere 
reduction from a complex close to the surface is schematically represented in Scheme 5.1. 
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Scheme 5.1.  Schematic representation of the proposed model for Cu deposition in the presence 
of chloride and accelerator additives on a Cu(100) surface.  The green spheres with minus signs 
represent chloride.  The transparent sphere with a minus sign attached to the MPS molecule 
represents the sulfonate group.  The copper-colored sphere with the green halo represents Cu
+
. 
 
 This model is strongly supported by the vibrational spectroscopy.  Figure 5.9 illustrates 
this model for all three additives with a cartoon schematic.  In the absence of Cl
- 
(Fig. 5.9A), 
there is a simple correlation between the increase in the peak height ratio of the gauche/trans 
conformations and the decreasing chain length of the additive.  The persistent preference for the 
trans conformation of SBS is explained by the stabilizing influences of intermolecular van der 
Waals interactions, which are generally stronger with increasing chain length in adsorbed 
alkanethiols.
49
  Shorter-length alkanethiol monolyers on rough Au and Ag electrodes, however, 
are more susceptible to defects caused by surface roughness than long-chain monolayers.
62
  SPS 
and SES on the rough Cu surface may be similarly prone to such defects,  making them more 
susceptible to the influences of surface potential than the SBS.  In particular, weakened 
intermolecular interactions between adsorbates allows the electrostatic attraction between the 
sulfonate group and the metal substrate to dominate, which pulls the molecules from trans 
configurations to gauche. 
= Cu2+
= Cu+
= Cu
= Chloride
= Sulfonate
= Thiolate
Propyl=
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Figure 5.9.  Simple cartoon representation of SES, SPS, and SBS adsorbed at the Cu surface (A) 
without chloride and (B) with chloride. 
 
 The addition of chloride (Fig. 5.9B) does not change the preference of SBS for the trans 
conformation, as it retains the stabilizing intermolecular forces from neighboring adsorbed thiols.  
However, the addition of Cl
-
 has a substantial effect on stabilizing the trans conformation of 
SES.  This is because the coadsorption of chloride forms a c(2 x 2) lattice adlayer structure of 
alternating thiolate and chloride ions.
17
  Although this layer is highly defected, the presence of 
chloride ions around each MES unit restricts the movement of adsorbed MES.  This coadsorbed 
layer of chloride and thiolate has been previously observed only for MPS,
17
 but similar structures 
are likely for the SES and SBS monomers.  Conversely, SPS has additional conformational 
flexibility surrounding S-C-C bonds because of the additional carbon in its alkyl chain.  This 
additional geometric freedom allows the molecule to bend, bringing the partially desolvated Cu
2+
 
ion close to the chloride-covered surface.  Despite having the same functional groups, the short 
chain length of SES and the stable packing of SBS limit their flexibility, which therefore limits 
the reduction currents obtained with these additives. 
 
A
B
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5.5 Conclusions 
 The combination of electrochemical experiments with in situ SHINERS provides insight 
into the role of accelerator additives in Cu electrodeposition, an industrially significant process 
which enables inlaying Cu interconnects into PCBs, IC substrates and microchips.  Using these 
techniques to analyze of the mode of operation of sulfoalkyl disulfide additives, we are able to 
discuss Cu electrodeposition in the context of a combination of two mechanisms:  ion migration 
and inner sphere deposition from a near-surface complex.   
 Electrochemical experiments show that the accelerator additives interact with Cu ions at 
different stages of the deposition process and affect both reduction of Cu
2+
 to Cu
+
 and Cu
+
 to 
metallic Cu.  In the first step, the sulfonate group of accelerator species help to partially remove 
the hydration shell, strongly lowering the large solvent reorganization energy of the Cu
2+
/Cu
+
 
transition.  In the second step, inner sphere electron transfer to the Cu-Cl complex at the surface 
enables deposition.  SPS acts as surface-bound agent to desolvate Cu
2+
 ions near the surface, and 
chloride is essential for the formation of near-surface Cu
+
 complexes that are reduced by single 
electron transfer. 
 Spectroscopic evidence of the role of the accelerator functional groups leads to novel 
design guidelines for additives.  On one end, surface tethering is necessary via a thiolate
37
 or 
theioether
81,82
 group.  On the other, the sulfonate moiety provides partial desolvation of the Cu
2+
 
ion.
28
  Finally, the alkane backbone of the accelerator must provide adequate flexibility such that 
the sulfonate group may be positioned close to the electrode surface.  The electrodeposition of 
Cu was chosen for this study because it is well-studied in literature and is industrially relevant. 
However, this understanding of accelerator additives may also be applicable more generally and 
could be useful to the electrodeposition of other metals. 
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Appendix A 
 
Supplemental Data for Ch. 3:  Characterizations of Cu-Ligand Interactions 
 
 
Figure A.1.  Single electrode polarization curves of the experiments using four Cu electrodes:  
CuNP, CuNP-DAT, CuNP-PZ and CuNP-TRZ.   
 
 
Figure A.2.  SEM images for CuNP, CuNP-DAT, CuNP-PZ and CuNP-TRZ electrodes before 
and after flow cell testing. 
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Figure A.3.  In situ SER spectra of the Cu electrode surface during cathodic polarization in the 
absence of CO2 for regions of (a) low, (b) middle, and (c) high Raman shift values.  The 
electrolyte was Ar-purged 1 M KOH + sat’d Ca(OH)2 + 10 mM DAT + HClO4 (to adjust pH ≈ 
7.8). 
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Table A.1.  Raman mode assignments.  ν = stretch, δ = in-plane deformation, γ = out-of-plane 
deformation τ = torsion, ρ = rock, ω = wag. 
Peak 
Raman Shift (cm
-1
) 
Mode  
Assignment 
References 
DAT ClO4
-
 
a 349 
 
δ(C-NH2) + τ(NH2) 65 
b 376 
 
δ(C-NH2) + τ(NH2) 65 
c 489 
 
γ(C-NH2) 65 
d 531 
 
δ(C-NH2) 65 
e 662 
 
ω(NH2) 65 
f 811 
 
δ(ring) 65 
g  934 ν(ClO4
-
) 66 
h 1043 
 
ν(ring) + δ(ring) 65, 67, 68 
i 1135 
 
ρ(NH2) + ν(ring) 65 
j 1388 
 
δ(N-H) 65 
k 1415 
 
ν(ring) 65, 68 
l 1494 
 
ν(ring) + ν(C-NH2) 65, 67, 68 
m 1557 
 
ν(ring) + ν(C-NH2) 65, 68 
n 1614 
 
δ(NH2) 37, 65, 68 
o 1645 
 
δ(NH2) 65, 68 
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Figure A.4.  Normal ex situ and surface-enhanced in situ Raman spectra of DAT metal 
complexes (black, red, and blue lines) and free DAT (pink, green, and navy). 
 
 
Figure A.5:  In situ SER spectra of CO2 reduction at the Cu electrode surface during cathodic 
polarization in the region of ethoxy vibrations.  The electrolyte was 1 M KHCO3 + sat’d 
Ca(OH)2.  
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Appendix B 
 
Supplemental Data for Ch. 5:  Full List of Raman Mode Assignments 
 
Table B.1.  Raman mode assignments.  ν = stretch, δ = bend, τ = torsion, ρ = rock, ω = wag. 
Peak 
Raman Shift (cm-1) 
Mode 
Assignment 
References 
SES SPS SBS SES + Cl- SPS + Cl- SBS + Cl- 
a 290 289 294 
   
ν(Cu-SO4) 66-72 
b 
   
287 280 277 ν(Cu-Cl) 36, 39, 67-70, 73 
c 
   
371 
  
undefined τ-mode 64 
d 435 441 
 
439 441 
 
δ(CCC/CCS) 59, 60, 62 
e 527 529 530 528 531 535 ρ(SO2) 54, 64 
f 570 569 
 
571 566 
 
δ(SO2) 64 
g 616 617 609 612 620 609 gauche ν(C-S)thiol 53, 58, 60, 61, 63 
h 632 
  
631 
  
gauche ν(C-S)thiol 39, 53, 54, 57-61, 63 
i 683 677 680 693 681 679 trans ν(C-S)thiol 39,57-61 
j 725 733 726 
 
733 726 ρ(CH2) 39, 53, 54, 59, 63 
k 787 794 790 794 796 791 ν(C-SO3) 39, 55, 57 
l 
 
849 
  
851 
 
ρ(CH2) 39, 60 
m 907 916 
 
900 917 
 
ρ(CH2) 59, 62 
n 
 
957 
  
952 
 
gauche ν(C-C) 60 
o 970 968 972 
  
969 ν(SO4
2-) 39, 53, 68, 70-73 
p 1023 1024 1026 1034 1033 1026 trans ν(C-C) 59, 61 
q 1210 1206 1200 
   
ν(SO2) 39, 54, 55, 72, 74, 75 
r 1240 1231 1248 
 
1240 1248 ω(CH2) 39, 54, 55, 62, 63 
s 1288 1271 1304 1294 1271 1303 ω(CH2) 39, 56, 60, 62, 64, 65 
t 
 
1345 1353 
 
1345 1347 δ(CH2) 39, 62, 65 
u 1404 1417 1418 1407 1416 1413 δ(CH2) 39, 54, 56, 62 
 
